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Abstract  
The Pd-catalyzed amination of aryl halides (Buchwald-Hartwig amination) has 
become a versatile and widely used technology to synthesize and produce aromatic 
amines relevant in pharmaceutical and agrochemical industries. The aim of the work 
presented in this thesis is to achieve a better mechanistic understanding of this 
reaction. The methodologies used were not traditional and focused on kinetic 
studies, carried out using in-situ tools, mainly reaction calorimetry. 
Reactions using different amines have been considered: the kinetic behaviour of a 
straight-chain primary amine (n-hexylamine) was found to be very different from the 
kinetics of benzophenone hydrazone. This difference was rationalised by considering 
the mechanism and by proposing a change in the rate-limiting step. Spectroscopic 
studies, aimed at determining the catalyst resting state, supported our proposals. 
We subsequently started studies on the competitive system of two amines and one 
aryl halide. We found that, surprisingly, the less reactive amine, when in competition, 
reacted first. This intriguing behaviour was rationalised by considering the Curtin-
Hammett principle and by recognizing that in this case selectivity was controlled by 
relative stability of intermediates, not relative reactivity. This was termed 
“monopolizing” regime, in contrast to the “major-minor” regime in which the minor 
but more reactive intermediate produces the major product.  
Subsequent studies revealed that the benzophenone hydrazone product also binds to 
the Pd/BINAP catalyst, and, during the hexylamine reaction, inhibits the rate and 
induces a change in the rate limiting step and catalyst resting state.  
Reactions using benzophenone imine were then studied. The competitive system of 
benzophenone imine and benzophenone hydrazone provided an example of a 
system showing a change from the “monopolizing regime” to the “major-minor” 
regime. 
These concepts can be generalized and applied to explain selectivity in other 
competitive catalytic systems. 
 3 
 
 
 
 
 
 
I would like to dedicate this thesis to my mother, who 
happily accepted to remain alone in Milan so that I could 
pursue my PhD in a more stimulating and rewarding 
environment. Thanks for teaching me the value of 
education, and for all you love and support. 
 
 4 
Acknowledgments 
 
The work carried out in this thesis would not have been possible without the help 
and support of the people to whom I would like to dedicate this section. 
I would like to thank my supervisor, Prof. Donna Blackmond, for giving me the 
possibility to stay in a top research group, for everything I learnt from her 
throughout this PhD, both regarding technical knowledge and the approach and 
mentality towards research, and for her strong support in giving me directions for my 
future career, in particular my PostDoc application. 
I would like to thank my industrial supervisor, Dr. Colin Brennan, for support during 
my short visits to Syngenta and for all the suggestions in the very interesting 
periodical meetings. 
Many thanks to all personnel in the chemistry department in particular Peter 
Haycock for assistance in NMR spectroscopy; Micheal Purdy and Mansoor Saeed 
from Syngenta for help in NMR and MS experiments. 
Thanks to Jinu for introducing me to how to work in a chemistry lab and for all her 
assistance and suggestions throughout the first year. 
Thanks to all the other fellows in the research group, Suju for the enjoyable time in 
India, Natalia for the beautiful trip we had to the US, Axel for all the beers we had 
together, Klusi, Michela, Fernando, Toshiko, spanish Antonio for making my 
everyday time in the lab constructive and enjoyable; Patricia and Sean for being my 
first students. 
 
I would like to thank all the friends who have been part of my life in London, in 
particular Rudi, for the strong friendship born over whisky, sigars and discussions 
about Italy and Berlusconi; Melania, for all the dinners and good times spent 
toghether; Stefano (Etienne), for all the conversations about everything, about life, 
work and the future, and because, despite all the fights and misunderstandings, he is 
a true friend. 
Thanks to all the friends in Communion & Liberation, for helping me to go deeper 
in discovering the true value of everything and therefore of this PhD, so that life 
becomes a journey and each thing becomes more interesting and more beautiful. 
 5 
I would like to thank my long time friends Tommaso for all the times, adventures, 
conversations and life experiences we had and will have together, and for the 
certainty that he will be a friend for life; Stefanosky for all the Coast-to-Coasts, spent 
exploring new places and cultures, and for all the interesting times spent disagreeing 
on everything; “la gang” from Montreal (Claire et Nicolas, Astrid, Alain), my other 
friends from Milan, in particular Fabiano, the Ghisus, Bigio because even if we don’t 
see each other very often, our friendship is still strong, meaning that it is a true one.  
A special thank you to my adoptive little sister Auré, for always being there in the 
important moments of my life, and for the certainty that our fraternal relationship 
will be strong forever. 
Denis, Auré’s parents for it is beautiful how normal has become seeing them and 
spending time in their home; a normality that is typical of familiy. 
Finally, a special thought to my dear friend Bertrand, who, I am sure, accompanies 
me from Heaven. 
 
 
 6 
 
Table of contents 
Acknowledgments.......................................................................................................4 
List of schemes .............................................................................................................9 
List of Figures ............................................................................................................ 10 
List of Tables.............................................................................................................. 16 
Abbreviations and Nomenclature ...................................................................... 17 
Introduction............................................................................................................... 18 
Chapter 1: Literature review.................................................................................. 21 
Buchwald­Hartwig reaction..........................................................................................21 Historical overview ..................................................................................................................... 23 The Pd precursor.......................................................................................................................... 24 The ligand ........................................................................................................................................ 24 The base............................................................................................................................................ 27 The solvent...................................................................................................................................... 28 Aryl halides and sulfonates ...................................................................................................... 28 Industrial collaborations........................................................................................................... 30 Reviews on the Pd‐catalyzed amination of aryl halides. ............................................. 31 
The mechanism .................................................................................................................32 
The role of kinetics in the study of mechanisms....................................................36 Important studies with reaction progress kinetic analysis and reaction calorimetry...................................................................................................................................... 38 
Chapter 2: Methodology and experimental set up ............................................... 41 
Reaction progress kinetic analysis.............................................................................42 Same excess experiment ........................................................................................................... 43 Different excess experiments.................................................................................................. 47 
Reaction calorimetry.......................................................................................................49 
Experimental set up.........................................................................................................51 Standard conditions .................................................................................................................... 52 Correction of heat of mixing .................................................................................................... 52 Correction of heat flow signal: lag time .............................................................................. 53 
 7 
FTIR spectroscopy............................................................................................................54 
Comparison with traditional methodologies..........................................................55 
COPASI software................................................................................................................56 
Chapter 3: Pd­catalyzed amination of aryl halides: kinetic studies ......... 57 
Amination reactions using benzophenone hydrazone and hexylamine........58 Identification of the catalyst resting state for the benzophenone hydrazone reaction............................................................................................................................................. 62 NMR experiments......................................................................................................................... 65 Identification of the Pd(BINAP)ArBr complex................................................................. 66 
Conclusions.........................................................................................................................67 
Chapter 4: Kinetic implications derived from competitive reactions ..... 69 
An Intriguing Observation.............................................................................................69 
The role of the benzophenone hydrazone product in the hexylamine 
reaction ................................................................................................................................77 Reproducibility experiments................................................................................................... 88 
Conclusions.........................................................................................................................90 
Chapter 5: Additional examples of competitive reaction networks......... 91 
Kinetic study of the Pd­catalyzed arylation of benzophenone imine .............91 Order of injection catalyst deactivation ............................................................................. 94 
Competitive arylation of benzophenone hydrazone and benzophenone 
imine .....................................................................................................................................94 
Comparison of the rate of arylation of benzophenone imine and hexyalmine
.................................................................................................................................................99 
Competitive arylation of benzophenone imine and hexylamine .................. 100 
Competitive amination of two aryl halides........................................................... 103 
Concluding remarks ..................................................................................................... 106 
Chapter 6: COPASI simulations on competitive reactions .........................107 
Case I .................................................................................................................................. 108 
Case II................................................................................................................................. 112 
Concluding remarks ..................................................................................................... 116 
Chapter 7: Pd­catalyzed arylation of benzophenone hydrazone : biphasic 
systems ......................................................................................................................117 
 8 
Arylation of benzophenone hydrazone using caesium carbonate as the base
.............................................................................................................................................. 117 
Benzophenone hydrazone reaction using NaOH as the base.......................... 122 FTIR monitoring of the biphasic arylation of benzophenone hydrazone..........123 Instrument calibration.............................................................................................................123 Studies of Pd‐catalyzed amination using solid base....................................................124 Studies of the liquid‐liquid system .....................................................................................125 
Conclusions...................................................................................................................... 128 
Concluding remarks ..............................................................................................129 
Future research.............................................................................................................. 130 
References ................................................................................................................131 
Appendixes...............................................................................................................134  
 9 
List of schemes  
Scheme 2.1: catalytic reaction scheme involving two substrates................................... 44 
Scheme 3.1: Pd-catalyzed amination of aryl halides ........................................................ 58 
Scheme 3.2: mechanism of the Pd-catalyzed amination of aryl halides ....................... 62 
Scheme 4.1: Pd-catalyzed competitive arylation of benzophenone hydrazone and 
hexylamine .................................................................................................................... 70 
Scheme 4.2: mechanism of the competitive Pd/BINAP catalyzed arylation of 
benzophenone hydrazone and hexylamine.............................................................. 72 
Scheme 4.3: competitive system producing products A and B ..................................... 74 
Scheme 4.4: proposed mechanism of the Pd-catalyzed arylation of hexylamine in 
presence of hydrazone product 3b. .......................................................................... 82 
Scheme 5.1: Pd-catalyzed N-arylation of benzophénone imine.................................... 92 
Scheme 5.2: Pd-catalyzed competitive N-arylation of benzophenone hydrazone and 
benzophenone imine................................................................................................... 95 
Scheme 5.3: competitive Pd-catalyzed N-arylation of benzophenone hydrazone and 
benzophenone imine................................................................................................... 96 
Scheme 5.4: competitive Pd-catalyzed arylation of n-hexylamine and benzophenone 
imine ............................................................................................................................ 100 
Scheme 5.5: competitive Pd-catalyzed arylation of benzophenone imine and 
hexylamine .................................................................................................................. 102 
Scheme 5.6: Pd-catalyzed competitive amination of 3-bromobenzotrifluoride and 1-
bromo-4-tert-butylbenzene ...................................................................................... 103 
Scheme 5.7: competitive pd-catalyzed amination of 3-bromobenzotrilfuoride and 1-
bromo-4-tert-butylbenzene ...................................................................................... 104 
Scheme 6.1: competitive catalytic reactions.................................................................... 108  
 10 
List of Figures 
 
Figure 1.1: Palladium catalyzed cross-coupling reactions............................................... 22 
Figure 1.2: Buchwald ligands92 ............................................................................................ 26 
Figure 1.3: Hartwig’s 4th generation ligand ....................................................................... 27 
Figure 1.4: comparison on the leaving group activity of commonly used sulfonate 
groups. (pKa values of their conjugate acids reported below). Ref. 89 ............... 29 
Figure 1.5: mechanism of the Pd/BINAP catalyzed amination of aryl halides (Ref. 
86)................................................................................................................................... 32 
Figure 1.6: proposed mechanism of the reduction of Pd(II) to Pd(0) (Ref. 103)....... 33 
Figure 1.7: role of water in the conversion of Pd(OAc)2 to Pd(BINAP)2 (Ref. 77)... 34 
Figure 1.8: Mechanism of the oxidative addition of aryl halide to Pd complexes. Ref 2
........................................................................................................................................ 35 
Figure 1.9: mechanism of oxidative addition of the aryl halide to Pd(BINAP) vs 
Pd(BINAP)(amine)...................................................................................................... 35 
Figure 2.1: ‘same excess experiment’; example of a curve presenting graphical 
overlay. .......................................................................................................................... 46 
Figure 2.2:  Omnical Insight 10-port reaction calorimeter............................................. 51 
Figure 2.3: Mathematical correction of heat flow data: a) square wave; b) 
experimental data. Blue line: uncorrected data; pink: corrected data.111 ............. 53 
Figure 3.1: Calorimetric profile of two Pd-catalyzed amination reactions involving: 3-
bromobenzotrifluoride (0.4M); (a) benzophenone hydrazone (0,4M); (b) 
hexylamine (0,4M). Temperatures: (a) 90°C, (b) 70°C........................................... 59 
Figure 3.2: Conversion vs time of the reactions presented in Scheme 3.1: initial 
concentrations: Pd(AcO)2 0.009M, BINAP 0.012M, (a) benzophenone 
hydrazone (0.4M) (b) hexylamine (0.4M), aryl halide (0.4M), sodium-t-butoxide 
(0.45m). Temperatures: (a) 90°C, (b) 70°C. : GC measurements......................... 59 
Figure 3.3: same excess experiment for Pd-catalyzed arylation of (a) benzophenone 
hydrazone -90°C- (b) n-hexylamine  -70°C- with 3-bromobenzotrilfuoride. 
Initial concentrations reported on graph. ................................................................ 60 
 11 
Figure 3.4: different excess experiments for Pd-catalyzed arylation of (a) 
benzophenone hydrazone -90°C- (b) n-hexylamine  -70°C- with 3-
bromobenzotrilfuoride. Initial concentrations reported on graph. ..................... 61 
Figure 3.5: amido complex, suggested resting state for the N-arylation of 
benzophenone hydrazone .......................................................................................... 63 
Figure 3.6: 31P NMR spectrum of a Pd/BINAP catalyzed reaction between 2b and 1
........................................................................................................................................ 63 
Figure 3.7: Comparison of a) experimentally observed pattern for m = 1069 peak 
from samples obtained during the reaction of 1 with 2b carried out under the 
conditions of Figure 3.1a; and b) theoretical calculated isotope distribution. ... 64 
Figure 3.8: 31P NMR describing the role of 2a in the reduction of Pd(II) to Pd(0). 
Internal standard: phosphoric acid. .......................................................................... 65 
Figure 3.9: 31P NMR describing the role of 2b in the reduction of Pd(II) to Pd(0). IS: 
phosphoric acid............................................................................................................ 66 
Figure 3.10: X-ray structure of the oxidative addition complex 5 ................................ 67 
Figure 4.1: comparison of heat generated by the hexylamine reaction (blue) and the 
benzophenone hydrazone reaction (red) ................................................................. 70 
Figure 4.2: Calorimetric curve of a Pd/BINAP catalyzed competitive amination 
reaction involving benzophenone hydrazone, n-hexylamine and 3-
bromobenzotrilfluoride. Conversion values calculated by GC. ........................... 71 
Figure 4.3: comparison of the heat curves of a reaction of hexylamine (0.3 M) and 3-
bromobenzotrifluoride (0.3 M), carried out alone (dark blue); carried out after a 
benzophenone hydrazone reaction (blue); at 90°. .................................................. 77 
Figure 4.4: same excess experiment of the Pd-catalyzed amination of 2a and 1, 
carried out in presence of the same quantity of the 3b (0.2 M). IC: Pd(AcO)2: 
0.0045M; BINAP: 0.006M. T=90°C. ....................................................................... 78 
Figure 4.5: Reaction rate vs concentration of the aryl halide of two Pd-catalyzed 
arylation reactions of hexylamine, carried out under the same conditions and 
initial concentrations (IC), exept in one case with product added. Pd(AcO)2: 
0.009M; BINAP: 0.012; 1: 0.2M; 2a: 0.2M; (green) 3b IC: 0.2M. ........................ 79 
Figure 4.6: reaction rate vs time of the Pd-catalyzed amination reaction between 1 
and 2a, in presence of 3b. Initial concentrations reported on graph. Catalyst: 
Pd(AcO)2 0.0045M; BINAP 0.006............................................................................ 80 
 12 
Figure 4.7: Initial reaction rate vs initial concentration of the (a) hexylamine and (b) 
aryl halide. I.C.: Pd(AcO)2: 0.0045M; BINAP: 0.006M; 3b: 0.2M; (a) 1: 0.4M, 2a: 
on graph (b) 1: on graph, 2a: 0.1M. In toluene, at 90°C........................................ 81 
Figure 4.8: COPASI simulation curves the concentration of intermediates during a 
Pd-catalyzed amination reaction between 1 and 2a. Initial concentrations: (a) 
[1]=0.2M, [2a]=0.1M, [3b]=0.2M; (b) [1]=0.1M, [2a]=0.2M, [3b]=0.2M .......... 82 
Figure 4.9: 31P NMR spectra of a competitive reaction of benzophenone hydrazone 
and hexylamine with aryl halide (in excess). Spectra taken every 5 min. ............ 83 
Figure 4.10: Reaction rate vs time of Pd-catalyzed amination reactions, carried out 
with different concentration of BINAP, in presence (b) or absence (a) of the 
hydrazone product 3b (0.2M). Temperature: (a) 70°C; (b) 90°C. I.C.: Pd(AcO)2: 
0.006 M; BINAP: 0.008 M; t-BuONa: 0.5 M; 1: 0.2 M; 2a: 0.1 M....................... 85 
Figure 4.11: calorimetric experiments carried out under a “consecutive injections” 
protocol, of Pd-catalyzed arylation reactions of hexylamine. Injections: 
equimolar soluations of ArX (0.1M) and n-hexylamine (0.1M). Pd(AcO)2: 
0.0045M; excess ArX: 0.05M. (violet) BINAP: 0.006M; (green) BINAP: 0.018M 
(blue) BINAP: 0.006M, 3b: 0.05 M. T=90°C.......................................................... 86 
Figure 4.12: predicted concentration of intermediates, from COPASI simulations, of 
the consecutive injection experiments shown in Figure 4.11. (a) in presence of 
product 3b. (b) in absence of product 3b. ............................................................... 87 
Figure 4.13: reproducibility experiment showing the robusness of (i) the hexylamine 
reaction in which the aryl halide is injected last; (ii) benzophenone hydrazone 
(aryl halide injected); (iii) hexylamine reaction after benzophenone hydrazone 
reaction. ......................................................................................................................... 89 
Figure 5.1: comparison of the heat flow generated by two Pd-catalyzed arylation 
reactions of benzophenone hydrazone (0.3M) and benzophenone imine (0.3M), 
with 3-bromobenzotrifluride (0.3M) ........................................................................ 92 
Figure 5.2: same and different excess experiment of tha N-arylation reaction of 
benzophenone imine and 3-bromobenzotrifluoride, with Pd(AcO)2: 0.006M 
BINAP: 0.009M, Na-t-BuO: 0.45M, in toluene at 80°C. IC substrates reported 
on graph. ....................................................................................................................... 93 
Figure 5.3: proposed catalyst resting state for the Pd-catalyzed arylation of 
benzophenone imine................................................................................................... 93 
 13 
Figure 5.4: competitive N-arylation of benzophenone hydrazone (0.3M) and 
benzophenone imine (0.3M) with 3-bromobenzotrifluoride (0.6M)................... 95 
Figure 5.5: GC sampling experiment performed during a calorimetric experiment 
performed under the same conditions as in Figure 5.4. Conversion of 2b (red) 
and 2d (blue) plotted. .................................................................................................. 96 
Figure 5.6: reaction rate, obtained from COPASI, of the N-arylation of 
benzophenone hydrazone and of benzophenone imine vs time; the 
concentration of the catalyst resting states vs time is also represented. ............. 97 
Figure 5.7: Pd-catalyzed arylation of (red) 2d (0.2M) and (blue) 2a (0.2M) 1 (0.2M), 
Pd(AcO)2: 0.009M; BINAP: 0.012M; Na-t-BuO: 0.4M. In presence (3b: 0.2M) 
or absence of 3b......................................................................................................... 100 
Figure 5.8: competitive arylation reactions of hexylamine and benzophenone imine 
(IC on graph), with 3-bromobenzotrifluoride (0.6M). IC: Pd(AcO)2: 0.009M, 
BINAP: 0.012M, in toluene, at 80°C...................................................................... 101 
Figure 5.9: GC sampling experiment of the competitive arylation of hexylamine and 
benzophenone imine. Conditions: same as in red curve in Figure 5.8.............. 101 
Figure 5.10: calorimetric experiments of two Pd-catalyzed reactions between 
benzophenone hydrazone (0.4M) and an aryl halide (0.4M). Pd(AcO)2: 0.009; 
BINAP: 0.012M......................................................................................................... 104 
Figure 5.11: Calorimetric profile of the competitive reaction represented in Scheme 
5.6. IC: Pd(AcO)2: 0.009M, BINAP: 0.012M, [1] 0.2M, [1e]: 0.2M, [2b] 0.4 ... 105 
Figure 5.12: sampling experiment, analyzed by GC of a calorimetric experiment 
performed under the same conditions as in Figure 5.11 ..................................... 106 
Figure 6.1: COPASI simulations of a competitive system following the mechanism in 
Scheme 6.1 and eq. 6.2, starting from equal concentrations of S1 and S2. 
Conditions: kP1K1=kP2K2, kP2>kP1(a) Reaction rates; (b) concentration of 
intermediates. ............................................................................................................. 109 
Figure 6.2: COPASI simulations of a competitive system following the mechanism in 
Scheme 6.1, for increasing values of the term kP1K1. Conditions: kP1K1>kP2K2, 
kP2>kP1. IC of substrates S1 and S2 are equal........................................................ 110 
Figure 6.3: COPASI simulations of a competitive system following the mechanism in 
Scheme 6.1, starting from equal concentrations of S1 and S2. Conditions: 
kP1K1<kP2K2, kP2>kP1, K1>K2. (a) Reaction rates; (b) concentrations of 
intermediates and products. ..................................................................................... 111 
 14 
Figure 6.4: COPASI simulations of a competitive system following the mechanism in 
Scheme 6.1starting from equal concentrations of S1 and S2. Conditions: 
kP1K1<kP2K2, kP2>kP1, K1<K2. (a) Reaction rates; (b) concentrations of 
intermediates and products vs time. ....................................................................... 111 
Figure 6.5: COPASI simulations of a competitive system following the mechanism in 
Scheme 6.1, starting from equal concentrations of S1 and S2. Condition: 
kP1K1=k2. (a) Reaction rates; (b) concentrations of intermediates and products 
vs time. ........................................................................................................................ 113 
Figure 6.6: COPASI simulations of a competitive system following the mechanism in 
Scheme 6.1, starting from equal concentrations of S1 and S2. Condition: 
kP1K1<k2. (a) Reaction rates; (b) concentrations of intermediates and products 
vs time. ........................................................................................................................ 114 
Figure 6.7: COPASI simulations of a competitive system following the mechanism in 
Scheme 6.1, starting from equal concentrations of S1 and S2. Condition: 
kP1K1>k2. (a) Reaction rates; (b) concentrations of intermediates and products 
vs time. ........................................................................................................................ 115 
Figure 7.1: calorimetric curve of a Pd-catalyzed amination reaction between 
benzophenone hydrazone and 3-bromobenzotrilfluoride. Initial concentrations: 
Pd(AcO)2 0.009M; BINAP 0.012M; benzophenone hydrazone 0.35M; aryl 
halide 0.45M; Cs2CO3 0.5M; at 90°, in toluene. (a) Experimental calorimetric 
curve. (b) Corrected calorimetric curve.................................................................. 119 
Figure 7.2: conversion vs time of a Pd-catalyzed amination reaction between 1 
(0.35M) and 2b (0.45M), with Cs2CO3 (0.6M) as the base. T=90°C. ................ 120 
Figure 7.3: Same and different excess experiments of a Pd-catalyzed amination of 1 
and 2b, using Cs2CO3 as the base. Initial concentrations: (a) [1] 0.25M, [2b] 
0.25M, base 0.4M; (b) [1] 0.35M, [2b] 0.35, base 0.6; (c) [1] 0.35, [2b] 0.45, base 
0.6M. ............................................................................................................................ 121 
Figure 7.4: spectra obtained during the Pd-catalyzed arylation of benzophenone 
hydrazone.................................................................................................................... 123 
Figure 7.5: comparison of conversion vs time of a Pd-catalyzed amination reaction 
between benzophenone hydrazone and 3-bromobenzotrifluoride; data derived 
from FTIR measurements and from reaction calorimetry.................................. 124 
 15 
Figure 7.6: FTIR spectra taken from a solution containing benzophenone hydrazone, 
aryl halide, Pd(OAc)2 and BINAP in toluene (a) and in a water/toluene 80:20 
solution (b).................................................................................................................. 126 
Figure 7.7: FTIR spectra of a Pd-catalyzed amination reaction between 
benzophenone hydrazone and 3-bromobenzotrifluoride, using a biphasic 
system and NaOH as the base................................................................................. 127 
Figure 7.8: preliminary data of absorption vs time of 3 Pd-catalyzed reactions of 1 
[0.2M] and 2b [2b], using NaOH [0.5M] as the base in a water/toluene 70:30 
system. ......................................................................................................................... 128 
Figure S63: reaction rate vs time of Pd-catalyzed reaction of 3-bromobenzotrifluoride 
and hexylamine. Initial concentrations: Pd(AcO)2: 0.0045 M; binap: 0.006 M; t-
BuONa: 0.5 M; 3b: 0.2 M; (a) 1: on graph; 2a: 0.1 M; (b) 1: 0.4 M; 2a: on graph. 
In toluene, at 90°. ...................................................................................................... 146 
 
 16 
List of Tables 
 
Table 4.1: Classification and free energy diagrams of the four different scenarios in 
which products A and B are obtained from the intermediates a and b............... 75 
 
 
 
 17 
Abbreviations and Nomenclature 
 
BINAP: bis(diphenylphosphino )-1,1'-binaphthyl 
DPFF: 1,1'-Bis(diphenylphosphino)ferrocene 
SPhos : 2-dicyclohexylphosphino-2’6’-dimethoxy-1,1’-biphenyl 
FTIR – Fourier transform infrared spectroscopy;   
IC – initial conditions;  
IS – internal standard;  
MS – Mass spectroscopy;  
NMR – Nuclear magnetic resonance;  
RPKA: Reaction progress kinetic analysis 
GC: gas chromatography 
LC: liquid chromatography 
HPLC: high performance liquid chromatography 
 
1: 3-bromobenzotrifluoride 
1e: 1-bromo-4-tert-butylbenzene 
2a: n-hexylamine 
2b: benzophenone hydrazone 
2d: benzophenone imine 
3a: hexylamine product 
3b: benzophenone hydrazone product 
4: Pd(BINAP) complex 
5: Pd(BINAP)ArBr complex 
6a: Pd(BINAP)Ar(2a) complex 
6b: Pd(BINAP)Ar(2b) complex 
6c: Pd(BINAP)Ar(2c) complex 
6d: Pd(BINAP)Ar(2d) complex 
 
 
 18 
 
Introduction  
This PhD thesis was conceived as part of a collaboration between Prof. Blackmond 
and the Swiss-based company Syngenta, which provided funding by sponsoring an 
EPSRC Industrial Case award. 
Syngenta is a multinational formed in the year 2000 from the merger between 
Novartis and Zeneca’s agrochemical businesses. It is the first global group focusing 
exclusively on agribusiness, capitalizing more then 23 billion dollars in 2008. 
The object of the thesis is the study of the mechanism of an important 
organometallic transformation: the Pd-catalyzed amination of aryl halides. This 
chemical technology has been developed to meet high standards of versatility, 
robustness and acceptable costs, and is now widely used both in academic and 
industrial environments to promote the formation of nitrogen-aromatic carbon 
bonds; molecules containing this bond constitute many of Syngenta’s agrochemical 
products, as well as many pharmaceuticals.  
Having a detailed and precise understanding of reactions used in industrial 
applications is important; it can benefit process development and help designing new 
more efficient transformations.  
Syngenta required no specific goal for this thesis. The industrial PhD supervisor, Dr. 
Colin Brennan, gave us the freedom to follow whatever path brings to a deeper 
understanding on this reaction.  
One of the main focuses of the thesis has been the arylation reaction of 
benzophenone hydrazone, through which valuable intermediates for the production 
of aryl hydrazines are synthesized. 
In the effort to pursue a valuable line of research, we became interested in the study 
of competitive reactions; concepts developed through competitive experiments of 
this Pd-catalyzed amination reaction could be generalized and used to study other 
systems in the future. 
The methods used in this thesis for mechanistic studies rely on the methodologies 
developed by Prof. Blackmond in the last decade. In our group we believe that 
kinetic studies can be used for gaining mechanistic information and should be carried 
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out at the outset of a mechanistic study. Results from kinetic investigations can 
streamline the design of experiments with other techniques, such as NMR and other 
spectroscopic probes. 
This thesis can be considered a multidisciplinary thesis at the boundary of the fields 
of chemistry and chemical engineering. The object of the investigation is an 
organometallic-catalyzed reaction that has gained tremendous importance in the last 
decade and since its discovery has triggered a significant number of publications in 
chemistry journals; the outcome of mechanistic studies is very important for 
synthetic chemists who seek to design new chemical transformations, or new 
catalysts and ligands. On the other hand, the methods used in this thesis for 
mechanistic investigations are not traditional; they are based primarily on kinetic 
studies from continuous reaction monitoring, which then inspire the design of other 
experiments. The reactions are primarily described in mathematical terms; this is an 
approach typical of chemical engineers, who always seek a quantitative description of 
the phenomenon under study. 
We think that these kind of multidisciplinary studies, which unite the competence 
and skills of both chemists and chemical engineers, have a great potential for future 
research opportunities.  
 
This thesis is divided in six chapters: 
 
In chapter 1, a general literature review of previous research in the field is presented. 
The general features and most recent achievements of the chemical reaction under 
study are introduced, as well as studies about the mechanism. In the final section we 
discuss the innovative methodologies used in this thesis and provide examples of 
their successful application to other systems. 
 
Chapter 2 describes with some detail the methodology of reaction progress kinetic 
analysis; the in-situ methodologies used for monitoring the reactions are discussed, 
with a particular focus on reaction calorimetry. 
 
Chapter 3 presents kinetic studies on the amination reaction catalyzed by Pd/BINAP 
complexes involving two different amines. The rate limiting step and catalyst resting 
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state of the two reactions are determined, with evidence from kinetic studies and 
NMR spectroscopy.  
 
In chapter 4, kinetic studies on the competitive arylation reaction of two amines and 
one aryl halide are presented. An interesting and unexpected result regarding the 
selectivity of this competitive system is discussed and interpreted by considering the 
Curtin-Hammett principle. Successive studies on competitive binding of different 
amines to the Pd catalytic species led us to design a method to increase the 
robustness of the catalytic process under conditions where the Pd/BINAP catalyst 
system would normally deactivate. 
 
In chapter 5 different competitive systems are introduced. Competitive arylation of 
benzophenone hydrazone and benzophenone imine is discussed. A competitive 
amination of two aryl halides is also presented. Concepts from these competitive 
systems further expand the value of results presented in chapter 4. 
 
In chapter 6, simulations carried out using the software COPASI (complex pathways 
simulator) provide a generalization of the kinetic behaviours that is possible to 
observe in competitive systems presenting similar mechanisms to those discussed in 
previous chapters. These principles could help in designing new ways to improve 
selectivity in competitive systems. 
 
Chapter 7 describes kinetic studies on the Pd-catalyzed arylation reaction of 
benzophenone hydrazone using inorganic bases such as Cs2CO3 and NaOH. We 
show kinetic evidence that the rate limiting step, in this case, is an interphase 
deprotonation step. These are preliminary results that would require further 
development.  
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1) Chapter 1 
 
 
 
 
 
Literature review 
 
This literature review is organized in three sections: the first section provides a 
description of the Buchwald-Hartwig reaction; an historical overview of its 
development and the most important features of this chemistry are described; the 
most recent achievements in this field are also discussed. In the second section, the 
mechanistic understanding of this reaction to date is presented, with studies on the 
complete catalytic cycle, as well as studies of individual steps. Finally, the third 
section focuses on the role of kinetics in mechanistic studies; we discuss some of the 
advantages of the methodologies developed by our group, i.e. the methodology of 
reaction progress kinetic analysis, and the use of reaction calorimetry for kinetic 
studies.  
 
Buchwald-Hartwig reaction 
 
Organometallic transformations have produced in the past decades an astounding 
number of general chemical reactions that find wide applications in the chemical and 
pharmaceutical industries. Since the Heck reaction (also known as the Heck-
Mizoroki reaction), invented by Richard Heck in the late seventies, several techniques 
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to create C-C bonds through methods based on Pd catalysts have been developed; 
among these the Heck, Stille, Suzuki, Sonogashira, Hiyama reactions have become 
very popular. Figure 1.1 provides a general overview of the most important coupling 
reactions catalyzed by palladium. The development of techniques for the formation 
of C-heteroatom bonds has followed; among the several reactions invented, the C-N 
coupling technology developed by Buchwald and Hartwig has become very popular.  
 
 
Figure 1.1: Palladium catalyzed cross-coupling reactions 
 
The Buchwald-Hartwig amination reaction has revolutionized the way aniline 
derivatives are synthesized. It has been employed to promote the formation of 
nitrogen-aromatic carbon bonds: the list of the top 200 drugs by revenue sold in the 
US in 2008, published by Cornell University∗, highlights that 44 out these 200 (8 out 
of the first 20) contain a nitrogen-aromatic carbon bond. Intermediates containing 
this chemical bond are also important for the preparation of new ligands, electronic 
materials, polymers, liquid crystals and xerographic materials.  
 
                                                 
∗ http://www.chem.cornell.edu/jn96/outreach.html 
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Historical overview 
 
The first modern example of a Pd-catalyzed coupling reaction forming amines was 
published in 1983 by Migita et al.50: they demonstrated that an amination reaction 
could be catalyzed by palladium and the hindered tri-ortho-tolylphosphine, starting 
from aryl bromides and tin amides. 
On the other hand, this technique presented several disadvantages, due to the large 
quantities of the toxic and relatively unstable tin reagents needed, which prevented its 
use at a large scale; additionally, in the Migita study no good results were achieved 
with primary amines. 
This 1983 publication was virtually uncited for almost a decade, until Buchwald and 
Hartwig independently published studies of this reaction31,78; it was their goal to 
develop a new technique for the aromatic carbon-nitrogen bond formation, having 
the following characteristics: it should be easy to operate, under mild conditions; it 
should not require the use of a glove box; it should allow using a variety of amine 
substrates and functional groups; it should be general for both electron-rich and 
electron-deficient aromatic systems; it should work for Cl, Br, I, and sulfonates; it 
should be favourable to be employed for small and large quantities, both at the 
academic and industrial scale. 
The first reports on a new Pd-catalyzed reaction were made in 199532,60. This was the 
start of a tremendous amount of scientific work, by the groups of Buchwald, 
Hartwig, and many others.  
It is also remarkable the velocity in which this technology has been applied in 
industrial processes. Commonly the transfer of academic knowledge to industrial 
applications can be very slow. In the case of the Buchwald-Hartwig amination, less 
then a decade after its invention it was already used for multi-hundred kilogram 
productions worldwide.82 
Buchwald-Hartwig reactions between amines and aryl halides require four 
components: the Pd precursor, the ligand, the base and the solvent. In the following 
section we give an overview of the most important advances in this field, discussing 
the role and development of each component separately. 
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The Pd precursor 
 
The catalyst is sometimes a previously prepared Pd complex, or, more often is 
formed in situ from the combination of a Pd precursor and ligand.  
The Pd precursor can be one of the following: (1) a Pd(0) source such as Pd2(dba)3
44, 
(2) [(allyl)PdCl]2
97, (3) a Pd(II) salt, such as Pd(OAc)2, which is reduced to Pd(0) using 
PhB(OH)2
43, a tertiary amine 94, a tertiary phosphine 6, or an amine substrate 18.  
The choice of the catalyst precursor can sometimes be crucial for the success of the 
reaction. For example, amination of aryl triflates occurs in much higher yields when 
Pd(dba)2 is used instead of PdCl2 as the catalyst precursor in combination of DPPF
59. 
The Hartwig group75 recently reported the first Pd-catalyzed amination of heteroaryl 
tosylates: this was accomplished by preparing a new Pd(0) precursor, Pd[P(o-tol)3]2, 
which generates a LPd[P(o-tol)3] in situ with a Josiphos ligand; this synthesis is very 
practical due to the ease of  preparation of Pd[P(o-tol)3]2 from Pd(dba)2 and P(o-tol)3. 
The use of different Pd sources may result in different catalytic activity. Blackmond, 
Buchwald and al.88 monitored the reaction rates achieved during Pd/BINAP 
catalyzed aminations of aryl bromides using different Pd precursors (Pd2(dba)3, a 
preformed (dba)Pd(BINAP), a preformed oxidative addition complex); an effect of 
the identity of the Pd source on the rate was observed even at steady state, suggesting 
that significant portions of Pd remain off the cycle as spectator species when 
Pd2(dba)3 is used.  
 
The ligand 
 
The careful choice of the appropriate ligand is crucial for the success of the reaction; 
while the possibilities of choice for Pd sources is quite limited, ligands are available in 
a wide variety. 
From the initial invention of the Pd-catalyzed amination, the continuous 
development of new ligands has widened the scope of this reaction and has allowed 
for milder conditions and lower catalyst loadings. New ligands have also expanded 
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the applicability of this reaction to aryl chlorides, which are less expensive and more 
readily available then the aryl bromides that were used at first. 
The ligand has many functions; it stabilizes the palladium precursor; it increases the 
electron density around the palladium(0), to facilitate the oxidative addition; it 
provides enough bulkiness for the reductive elimination.  
The optimal ratio between the ligand and the palladium has to be carefully 
determined to achieve optimal conditions. 
The initial amination reactions, in 1995, were carried out using the hindered 
phosphine tri-ortho-tolylphosphine previously employed by Migita.  
Following the initial reports, ligands of second generation were rapidly developed: 
these were chelating ligands such as BINAP and DPPF, which greatly increased the 
scope of the reaction. In particular BINAP (bis(diphenylphosphino)-1,1'-binaphthyl), 
a ligand widely known for being employed  by Noyori in asymmetric synthesis74, was 
found to be very effective in reactions with primary amines, including amines that are 
branched and containing functional groups such as olefins or acetals; BINAP was 
also effective for reactions with secondary cyclic amines, while the use of acyclic 
secondary amines often resulted in low yields. The characteristics that render this 
ligand particularly successful are a combination of the chelating ability of the 
phosphine groups, the rigidity of the backbone and the small bite angle. Enantiopure 
and racemic BINAP were found to be equally effective103.  
In general, chelating ligands have three major characteristics: steric properties; 
electron-donating ability; the P-Pd-P angle, also called the “bite angle”. The effects of 
these parameters on the amination of aryl halides have been studied by Hartwig et 
al.34 They concluded that greater steric bulk of the ligand or the amine causes an 
increase in the amount of the reduction product. The electronic properties of the 
ligand were found to have little influence on the reductive elimination. Finally, 
increasing the ligand bite angle gave decreased ratios of amine to arene products. 
Considering the usual effects of the bite angle on the reductive elimination rates, this 
result was surprising. This study was important in order to streamline the future 
design of new ligands. 
Ligands of the third generation appeared in 1998 and are represented by hindered 
monodentate ligands: among these the biarylmonophosphine ligands developed by 
Buchwald et al.76 have become very successful. The synthesis of these ligands built on 
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the observation that the oxidative addition step was rate limiting, and aimed at 
creating electron rich phosphines. 
Studies by Blackmond, Buchwald et al.89 on these ligands, carried out using reaction 
calorimetry, underlined the role of the ligand size in the amination of aryl chlorides: 
catalyst derived from the bulkiest ligands showed increased stability and higher 
reactivity. 
A comprehensive description of the key features of this ligand, which has also been 
successfully employed for Suzuki-Miyaura reactions61 and other Pd-catalyzed 
transformations71 is shown in Figure 1.2. 
 
 
Figure 1.2: Buchwald ligands92 
 
 
This class of ligands has greatly expanded the scope of C-N coupling amination of 
aryl chlorides with weak nitrogen nucleophiles. 
Hartwig et al.33 also developed monophosphine ligands, based on the ferrocene 
Josiphos ligands originally employed at Ciba Geigy for asymmetric hydrogenations90; 
using this ligand they accomplished the coupling reaction of chloroarenes with 
primary amines at 85°C. Other successful ligands of third generation were developed 
by the Fu72, the Beller79, the Verkade95 and the Kwong89 groups.  
In very recent work, Hartwig discussed the finding of ligands of fourth generation87; 
these ligands, which are commercially available and represent variations of the 
Josiphos familiy, combine the advantages of ligands of second and third generation 
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(Figure 1.3). They have steric properties that improve the selectivity for 
monoarylation of primary amines. Their chelation makes them more resistant and 
improves turnover numbers. The key factor is to have bidendate ligands which 
possess a backbone that preorganizes the phosphines 
towards metal binding. 
Using these ligands, four main accomplishments have 
been made until present: coupling with aryl chlorides were 
achieved with high turnover numbers; coupling of 
primary amines with high turnover numbers and high 
selectivity towards monoarylation; coupling of heteroaromatic halides with high 
turnover numbers; coupling of aryl halides with ammonia to form monoarylamines.  
Choice between ligands of third and fourth generation has to be made on a case by 
case bases as each class of these ligands can be superior for a particular class of 
reactions. 
In an industrial environment, versatility and performance of the ligand lose some 
importance, while the availability and the easiness in handling (for example, if it is air 
sensitive) gain great importance when, at a larger scale, cost becomes a determinant 
variable. In recent years, the ligand cost has been one of the determining factors in 
designing Buchwald-Hartwig aminations. Another important variable to be 
considered is the purity; small organic or inorganic impurities can have a big 
influence on the performance of these reactions. For this reason it is usually worth to 
compare materials bought from different suppliers18. 
 
The base 
 
The role of the base is to deprotonate the amine before or after its coordination with 
the catalytic complex. Stoichiometric quantities of the base are needed. 
The bases can be classified into two groups regarding whether they are or are not 
completely soluble in the reaction mixture. 
The most common bases are Na-t-BuO, K-t-BuO, K2CO3, K3PO4, NaOH, Na-t-
AmO. The cost of the base is very important when carrying out reactions at a 
production scale, due to the high quantities needed. Hartwig et al. have reported a 
reaction protocol in which NaOH is used, and the reaction is carried out in two 
alyst precursor.23 The rates of these reactions (eq 5) were
spectacularly fast for the coupling of secondary alkylamines
with aryl chlorides.
In parallel, through a series of mechanistic studies on a cat-
alyst generated from Pd(dba)2 and 1,1!-bis(di-tert-butylphos-
phino)ferrocene, we discovered that this bisphosphine
underwent P-C bond cleavage and arylation of one cyclo-
pentadienyl group to generate the sterically hindered pen-
taphenylferrocenyl di-tert-butylphosphine ligand.24 The
palladium catalyst containing this modified ligand was
remarkably active for C-N coupling. Both secondary amines
(cyclic and acyclic) and primary amines coupled under mild
conditions with aryl bromides and chlorides (eq 6).25 Reac-
tions of primary amines occurred with high selectivity for for-
mation of the monoarylation product. In separate work, we
have used catalysts containing a 1:1 ratio of palladium to
P(tBu)3 and catalysts containing the Q-phos ligand to develop
the coupling of enolate nucleophiles with aryl halides into a
process that occurs with broad scope, with enolates contain-
ing different main group metals, and with much higher turn-
over numbers than had been achieved previously.9,26-30
In parallel, other groups have developed particularly valu-
able catalysts for the coupling of heteroatom nucleophiles with
aryl halides based on monophosphines or N-heterocyclic car-
benes that are strongly electron donating and sterically hin-
dered. Buchwald and co-workers have developed a family of
biaryl dialkylphosphine ligands that has expanded the scope
of the C-N coupling of aryl chlorides with weak nitrogen
nucleophiles, such as amides, sulfonamides, and electron-poor
arylamines.8 This class of catalyst has also increased the abil-
ity of palladium complexes to catalyze the etherification of
aryl halides with alcohol and phenol nucleophiles. Beller and
co-workers developed heteroaryl dialkylphosphines that are
related to the biaryldialkylphosphine ligands and can be pre-
pared by simple syntheses.31 Finally, Nolan and co-workers
developed catalysts based on hinderedN-heterocyclic carbene
ligands, including single-site versions of these catalysts, that
catalyze the coupling of amines with aryl bromides and chlo-
rides.32
A Fourth-Generation Catalyst for the
Amination of Aryl Halides
Although the catalysts we developed containing P(tBu)3 and
the Q-phos ligand, as well as the hindered alkyl monophos-
phine and carbene catalysts described in the previous sec-
tion developed by other groups, are highly reactive toward the
coupling of secondary amines with haloarenes, they are less
reactive toward couplings of primary amines, often generate
mixtures of monoarylation and diarylation products, and typ-
ically require high loadings of palladium for the coupling of
heteroaromatic halides. Thu , ur recent work on the coupling
of amines with aryl halides has focused most intensively on
developing a fourth generation system that would improve the
activity and selectivity for couplings of primary amines and thi-
ols, as well as the coupling of heteroaromatic halides.
To do so, we returned to studies on catalysts derived from
the Josiphos class of ligands.18 Because these ligands were
developed for enantioselective catalysis, principally asymmet-
ric hydrogenation, they have typically been used in combina-
tion with iridium, rhodium, and ruthenium catalyst
precursors.33,34 Moreover, the use of a ligand developed for
enantioselective catalysis to prepare achiral products was
unconventional. However, an exceptionally hindered and elec-
tron-donating version of the Josiphos ligands containing one
dicyclohexylphosphino group and one di-tert-butylphosphino
group on the ferrocenyl-1-ethyl backbone (CyPFtBu)19 became
commercially available (Figure 1), and is air stable in solu-
tion and as a solid. We envisioned that the steric and elec-
tronic properties of this ligand were particularly well suited to
address some of the current limitations on catalyst scope and
activity.
For example, we envisioned that the steric property of this
ligand could improve the selectivity for monoarylation of pri-
mary amines.23,25 We also considered that its chelation could
create a catalyst that would be more stable toward displace-
ment of the ancillary ligand by primary amines and improve
turnover numbers. Finally, we considered that chelation
would prevent displacement of the phosphine by basic
FIGURE 1. Josiphos ligand CyPFtBu in the fourth-generation
catalyst.
Evolution of a Fourth Generation Catalyst Hartwig
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phases.53 The use of sodium hydroxide has many advantages if compared with Na-t-
BuO, which must be stored in absence of air, is much more expensive then inorganic 
bases (around 20-30 times) and, when used in concentrated mixture, can produce 
thick and gel-like solutions.53 In Hartwig’s study with inorganic bases, yields were 
comparable to the ones obtained with organic bases. However, the use of a phase 
transfer catalyst was necessary (cetyltrimethylammonium bromide) in order to assist 
in the rate of deprotonation of the intermediate amide by improving the solubility of 
the base.  
Syngenta developed a patent, published in 20037, for a new biphasic process for the 
preparation of aryl hydrazones, and their use in the preparation of aryl hydrazines; in 
this process the inorganic base is either dissolved in an aqueous phase or used as a 
solid in the form of small pellets. The bases used are preferably sodium, potassium or 
lithium hydroxide, or a hydroxide or oxide of magnesium, calcium or caesium. It is 
underlined how this process, which employs inexpensive inorganic bases under 
aqueous conditions, is relatively inexpensive if compared to the prior art processes 
that require organic bases and anhydrous conditions. 
 
The solvent 
 
These reactions are usually run in organic solvents. The solvent, in addition on 
dissolving the substrates and part of the base, has the role of stabilizing the 
intermediates of the reaction. The most commonly used is toluene. 
The solvent usually needs to by dried and deoxygenated, depending on how air 
sensitive is the reaction. Sometimes the reaction can even be run entirely in air, 
without significant changes in the yield. Sometimes the addition of water can even be 
beneficial, obviously if the substrates are not hydrolyzed. Amination reactions have 
been carried out in alcohols18. 
 
Aryl halides and sulfonates 
 
The Buchwald-Hartwig amination has been originally developed with aryl bromides. 
Nearly all the publications in the five years following the discovery dealt with this 
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class of aryl halides. However, reactions with aryl chlorides are industrially more 
relevant, as their industrial availability is greater and they are less expensive; reactions 
with aryl chlorides are more difficult because of the greater strength of the carbon-
chlorine bond. 
In the last five years a variety of different substrates have been investigated and 
nearly all problems connected with the reaction with chlorides seemed to be solvable. 
The Buchwald biarylmonophosphine ligand family has proven to be a very versatile 
ligand for this class of reactions92.  
The aryl iodides, which are quite popular in the Heck reactions, played a minor role 
in the Buchwald-Hartwig reaction, mainly due to their small availability and to the 
occurrence of side reactions leading to dehalogenated byproducts. A recent study by 
Buchwald et al.26 showed insights into the reasons for the lower reactivity of aryl 
iodides, including the formation of inactive iodide dimers and inhibition due to the 
salt NaI, which is formed during the reaction; in the same study it was shown that 
the use of two classes of biarylmonophosphine ligands (BrettPhos and RuPhos) and 
the employment of solvents in which NaI is insoluble greatly enhances the efficiency 
of coupling reactions with aryl iodides. 
Efforts have also been devoted to find methodologies for reactions using aryl 
sulfonates. Figure 1.4 presents a comparison of the leaving group activity of common 
sulfonates, underlining that triflates should be the easiest to react. 
 
 
Figure 1.4: comparison on the leaving group activity of commonly used sulfonate groups. (pKa values 
of their conjugate acids reported below). Ref. 89 
 
 
Transformations employing aryl triflates have been known for many years59; 
however, this class of sulfonates are expensive to prepare and are less stable to 
hydrolysis then other sulfonates. Reactions using tosylates or mesylates are be more 
attractive and have been very recently reported; reactions with aryl mesylates have 
been reported by the groups of Buchwald29, which employed a new ligand of the 
biarylmonophosphine family (BrettPhos) and of Kwong89, also relying on a new 
monophospine ligand. Methods for reactions with aryl and heteroaryl tosylates at 
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Palladium-Catalyzed Amination of Aryl Mesylates**
Chau Ming So, Zhongyuan Zhou, Chak Po Lau, and Fuk Yee Kwong*
Palladium-catalyzed C(sp2)!N bond-forming reactions have
evolved into a highly versatile and synthetically attractive
transformation in targeting pharmaceutically useful inter-
mediates.[1] Since the discovery of the first catalytic amination
method,[2] efforts have been made toward increasing the
reaction efficacy.[3] Notable ligands, such as tBu3P,
[4] Beller
and co-workers! PAP,[5] Buchwald and co-workers! biaryl
phosphines,[6] Hartwig and co-workers! Q-Phos,[7] and Ver-
kade and co-workers! amino phosphine[8] (Figure 1) provide
excellent catalytic activity in the cross-coupling of aryl halides
(especially aryl chlorides).[9,10] X-Phos, in particular, is
effective in the handling of aryl tosylate/benzenesulfonate
substrates in coupling reactions.[11]
Aside from the use of aryl tosylates (ArOTs) and
benzenesulfonates as electrophiles in palladium-catalyzed
C!C and C!X bond-forming reactions,[12] aryl mesylates
(ArOMs) have also seen some use in cross-coupling process-
es.[13] To our knowledge, they have never been applied to
amination reactions. Aryl mesylates can be easily accessed
from phenols and, owing to their lower molecular mass, cross-
coupling reactions utilizing these reagents have the advantage
of higher atom economy than those employing the corre-
sponding aryl tosylates.[14] However, their relatively inert
leaving-group activity, with respect to tosylates, has limited
their application in coupling reactions (Figure 2).[15]
We recently reported the synthesis and application of an
amino phosphine ligand L1 (with phosphorus bound at N;
Figure 1), which showed excellent catalytic ctivity as a ligand
for palladium-catalyzed C!C bond-forming reactions.[16] The
versatile 2-arylindole scaffold can be simply synthesized and
diversifi d by Fischer indolization of acetoph nones and
arylhydrazines. However, ligand L1 may undergo hydrolysis
under harsh reaction conditions. We therefore proceeded to
convert the amino phosphine ligand L1 into a class of
phosphine derivatives L2–L3 (in which phosphorus is bound
at C), without significant change to the ligand skeleton
(Figure 1).
Precedent for palladium-catalyzed cross-coupling of aryl
mesylates is limited, with only one publication to date.[17] This
area remains highly challenging as mesylates are regarded as
the least active sulfonate leaving group. Therefore, there is
still a need to develop a general palladium catalyst for
coupling unactivated aryl mesylate substrates. We disclose
herein a highly active palladium indolyl phosphine catalyst
system, which allows the successful amination of aryl
mesylates for the first time. Notably, this reaction can be
performed in aqueous medium without diminishing the
product yields.
We initially examined the feasibility of the amination of
unactivated aryl mesylate compounds [Eq. (1)].[18] The ami-
nation reaction incorporating indolyl ligand L3 provided
excellent conversion while L2 was apparently ineffective.
Figure 1. Recent developments on effective phosphine ligands. Present
study depicted on the right.
Figure 2. A comp rison on the leaving-gr up activity of commonly
used sulfonate groups, based on the Ka value f their conjugate acids
(given below names).
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room temperature have been reported by the Hartwig group75 with a catalyst system 
based on Pd[P(o-tol)3]2 as Pd precursor and a Josiphos ligand of fourth generation.
 
 
Industrial collaborations 
 
Much scientific collaboration between the academic world and the industrial world 
has been started on this matter. Recently, for example, collaboration between 
Buchwald (MIT) and two European pharmaceutical industries, Lanxess and Rhodia, 
led to the scale up and commercial utilization of new technologies.18 While the 
original technology was developed in the university, the technical skills of the 
industrial counterpart were essential to overcome issues such as safety and scale up. 
The authors believe that this kind of academic-industrial collaboration has a great 
potential in order to transfer scientific technology into industrial application.  
One of the reactions that were scaled up was the production of aryl hydrazones. 
These are very important intermediates for the production of arylhydrazines and 
heterocycles, including indoles through the Fisher synthesis. As previously discussed, 
this is a reaction of great interest for Syngenta.  
New methodologies based on the Pd-catalyzed amination provide a robust and safe 
alternative for an industrial process; previously arylhydrazines were obtained through 
the reduction of diazonium salts with tin salts or sulfite ions; this method is not very 
productive and generates large amounts of waste (tin waste).  
In preliminary studies, Mauger et al. screened the palladium precursors, the ligands, 
the bases, with the aim of gaining a better knowledge on the reaction, and to be able 
to scale it up. The goal was to develop a robust, economically viable and safe 
industrial process. 
Several conclusions were achieved.  The purity of the palladium precursor, ligand and 
base was found to be a key factor in the achievement of good yields. The nature of 
the base was found to be very important in order to avoid side reactions. For 
example, when benzophenone hydrazone is involved, the base should not 
deprotonate the amine before complexation to avoid the Wolff-Kishner reaction. 
In industrial processes it is usually advisable to add one of the substrates over a long 
period of time, for safety issues connected to the heat released by the exothermic 
reaction. The influence of the choice of which reagent adding last on the 
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performance of the reaction was investigated. They found that when the aryl 
bromide was added slowly to the reaction mixture, after 24 hours the conversion 
reached 20%. On the contrary, when the amine was added slowly, the reaction was 
completed in less then two hours. The explanation relied on the fact, previously 
observed, that the nucleophile can sometimes form a complex with the Pd, inhibiting 
the reaction. 
Several screenings and studies were also made in order to reduce the catalyst content. 
Due to the high catalyst costs, it is vital for industrial processes to minimize the 
quantities of catalyst needed. 
The quality of the palladium acetate used as the palladium precursor was found to be 
very important in order to minimize side reactions. The work up process, with the 
use of water to separate the salts, was optimized. The catalyst loading was minimized 
as possible. A procedure to obtain Buchwald ligands at an industrial scale was 
developed, leading to the successful scale up of the industrial process. 
Reactions in the pharmaceutical industry are mainly carried out in batch reactors. 
Mauger et al. demonstrated, investigating the coupling reaction between p-
bromotoluene and piperidine, that it is possible to obtain good conversions and 
selectivities by employing a continuous reactor. This technology would present many 
advantages: an increase of productivity, low reactor volume, low time to get a 
stationary mode; future advancements in the microfluidic chip technology will 
possibly allow for a replacement of the scale up process with the utilization of large 
quantities of parallel microreactors66. 
 
Reviews on the Pd­catalyzed amination of aryl halides. 
 
Several review articles have been written about these reactions. We present here a 
few that we have found particularly useful. 
Schlummer and Schulz, in Advanced Synthesis and Catalysis82, described the most 
important achievements of the Buchwald-Hartwig technology, with a particular 
interest in discussing the applications and concerns towards an industrial setting. 
Hartwig in Synlett37 reviewed the development and understanding of the amination 
reaction with aryl halides and sulfonates; a special focus was placed on describing 
how new catalysts were developed and on mechanistic studies. 
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A recent review by Surry and Buchwald in Angewandte Chemie92 discussed the 
development of Buchwald’s biarylmonophospine ligands (third generation ligands) 
and their application in synthesis, in pharmaceutical synthesis, in the field of natural 
products, as well as in process development. Several studies conducted in industrial 
settings are discussed, as well as applications in material sciences. 
A recent review by Hartwig in Accounts of Chemical Research35 focused on the 
development of ligands of fourth generation; these ligands are now commercially 
available and represent a variation of the well known Josiphos ligand. 
Finally, a recent review by Hartwig in Nature39 delivers a larger perspective on these 
reactions, discussing in general methods for the carbon-heteroatom bond formation, 
giving examples of cross-couplings to form C-N, C-O, C-S bonds, C-H bond 
functionalization to form C-O, C-X (where X is halide) and C-B bonds; and olefin 
oxidations and aminations to form C-O and C-N bonds; both past achievement and 
the challenges that need to be overcome by future research are discussed. 
 
The mechanism 
 
Several mechanistic studies with several catalyst systems have been carried out in the 
past, including studies on the Pd/BINAP system, and controversy has been 
aroused2,88. In 2006 Hartwig, Blackmond and Buchwald co-authored a paper86 in 
which they proposed a mechanism for the Pd/BINAP catalyzed amination of aryl 
halides, settling previous disagreements. (It is shown in Figure 1.5) 
 
 
Figure 1.5: mechanism of the Pd/BINAP catalyzed amination of aryl halides (Ref. 86) 
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According to the proposed mechanism a Pd(BINAP)2 species lies outside the 
catalytic cycle; dissociation of one BINAP affords a Pd(BINAP) species which lies in 
the catalytic cycle, and undergoes oxidative addition through reaction with the aryl 
halide; reaction with amine and base produces an amido complex; a subsequent 
reductive elimination generates the product and regenerates the catalyst.  
An expression of a rate equation derived using steady-state approximation (no 
intermediates accumulate, as shown by 31P NMR) was also proposed: 
 
€ 
−
d[ArX]
dt =
k1k2
k−1 L[ ]
ArX[ ] Pd[ ]      eq. 1.1 
 
This simplified expression of the reaction rate relied on the observation that the 
oxidative addition is rate limiting. The rate depends linearly on the concentration of 
Pd and has an inverse order in the concentration of added ligand. 
Studies have also been devoted to understanding individual steps. 
The mechanism for the reduction of Pd(OAc)2 to Pd(0) has been investigated by 
Buchwald et al.103, who proposed a mechanism in which both the amine and the base 
participate in the reduction of Pd(II), as shown in Figure 1.6: 
 
 
Figure 1.6: proposed mechanism of the reduction of Pd(II) to Pd(0) (Ref. 103) 
 
Hayashi et al.77 found that water can enhance the velocity of reduction of Pd from 
palladium acetate. 
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Figure 1.7: role of water in the conversion of Pd(OAc)2 to Pd(BINAP)2 (Ref. 77) 
 
This concept was recently exploited by Buchwald et al.: new protocols were 
developed for the efficient amination of aryl chlorides; the active catalyst was formed 
through water mediated preactivation of Pd(OAc)2 in the presence of 
biarylmonophosphine ligands; this allowed for lower catalyst loadings, shorter 
reaction times and exclusion of additives such as Et3B. 
Amatore’s group published several studies3-6 on the mechanism and the kinetics of 
the oxidative addition of aryl halides to Pd complexes, especially referred to Heck 
reactions. They analyzed the formation in situ of zero valent Pd; they found for 
example that, when mixing Pd(dba)2 and BINAP, a Pd(BINAP)dba complex forms 
as the main species. They studied the reactivity of this complex in the oxidative 
addition of aryl halides. They showed that, during the reaction, the following 
equilibrium is established:  
 
 
 
Pd(BINAP) was identified as the most reactive species. It is clear that a high 
concentration of dba, which shifts the equilibrium to the left, slows down the 
reaction. 
Hartwig et al. showed that phosphines that are stable as two-coordinates to the Pd, 
such as P(o-Tol)3, dissociate one phospine before oxidative addition of the aryl halide 
(Figure 1.8). 
In another study by the Hartwig group, it was shown that the oxidative addition to 
complexes of bis-phosphines takes place after full dissociation of one chelating 
ligand, to generate a bent two-coordinate complex, as represented in Figure 1.8. 
 
Pd(dba)BINAP Pd(BINAP)    +   dba
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Figure 1.8: Mechanism of the oxidative addition of aryl halide to Pd complexes. Ref 2 
 
Hartwig et al. have focused on the oxidative addition of phenyl bromide to 
Pd(BINAP)85. Their main aim was to probe whether the oxidative addition of the aryl 
halide takes place on a PdL complex, or whether addition on an amine complex 
(Pd(BINAP(amine)) would be faster, as previously suggested.88 They observed, by 
monitoring the stoichiometric reaction by 31P NMR, that oxidative addition is zero 
order in [amine], thus concluding that oxidative addition to [Pd(BINAP)] is the major 
pathway. 
At high concentrations of aryl halide, which more closely resemble the 
concentrations of aryl halide in the catalytic reaction, they observed a small effect of 
the amine on the rate of oxidative addition. 
These observations are consistent with the mechanism reported in Figure 1.916. 
 
 
Figure 1.9: mechanism of oxidative addition of the aryl halide to Pd(BINAP) vs Pd(BINAP)(amine) 
 
 
7 
Scheme 3. Refined mechanism for the stoichiometric oxidative addition of ArBr to Pd(binap)2 1 in the 
presence of amines, where am ne binding to for 3 r ceeds directly via ligand exchange with 1’. 
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Path A and Path B represent the reactions of species 3 and species 2, respectively, via the pseudo-first 
order rate constants k3[ArBr] and k2[ArBr], respectively. Since the ratio of these rate constants remains 
constant as [ArBr] changes, the key to understanding the relative rates of Paths A and B as a function of 
[ArBr] lies in understanding how the relative concentrations of the intermediates 2 and 3 change with 
[ArBr].  
 
In oxidative addition reactions in the absence of amine, it as been shown that the formation of 2 from 
1’ is in equilibrium at low [ArBr] and that this equilibrium is perturbed at higher [ArBr].4,8  This means 
that at high [ArBr] the concentration of [2] is lower than that expected under equilibrium conditions, 
because the increased concentration driving force leads to increased consumption of 2 via the oxidative 
addition step.  The  shift away from fully equilibrated ligand dissociation occurs at [ArBr] < 0.1 M at 45 
C in the absence of amine.4,8  Therefore it is likely that during reaction with 0.5 M PhBr described in 
Ref. 9, the concentration of [2] is described by the lower steady-state value, rather than by the higher 
equilibrium value, both in the absence and presence of amine. 
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It is important to point out that it is possible to obtain discrepancies in the study of 
stoichiometric and catalytic reactions, even if the same steps are considered. This can 
happen in the presence of “dead end” species. The presence of the amine and of the 
aryl halide only causes a different partitioning in the rate of the two pathways, which 
ultimately produce the same intermediate. Only this intermediate lies in the catalytic 
cycle16.  
The reductive elimination step has also been studied. Although in the majority of the 
reactions studied the oxidative addition step was found to be rate limiting, the 
reductive elimination is important because it controls the yields and scope of the 
reaction. Studies by Hartwig’s group confirmed that the reductive elimination occurs 
from a four-coordinate palladium complex38. Its rate has been found to be faster for 
complexes with more electron-donating groups on nitrogen, and from complexes 
with more electron-poor aryl groups bound to palladium; therefore, the pairing of an 
electron-rich nitrogen ligand and an electron-poor aryl group results in the fastest 
reductive elimination.  
Great progress has been made in understanding the mechanism of the coupling 
amination reaction of aryl halide. Given the complexity of the reaction, further work 
is needed in order to have an even increased understanding. As explained in Chapter 
3, the reaction between benzophenone hydrazone and bromobenzene does not show 
a dependence on the concentration of any of the substrates. This behaviour led us to 
carry out further investigations reported in this thesis, also considering that it is not 
explained by the proposed simplified rate equation (eq. 1.1).  
 
The role of kinetics in the study of mechanisms 
 
Kinetics is an area of expansion in future research. Boudart17 predicted that, as the 
twentieth century belonged to the rate equation, the twenty-first century will belong 
to the rate constant; this is probably the case in areas such as the petrochemical field, 
where reaction conditions usually involve high temperatures and pressures and 
several parallel and consecutive elementary steps. On the contrary, in the 
pharmaceutical field, the role of the rate equation is in ascendance10, as the 
determination of the behavior of batch reactions through the rate equation may be 
useful for understanding reaction mechanisms, in helping for future catalyst design, 
 37 
in the research and development of industrial processes, in rapidly assessing catalyst 
performance under the same conditions used in commercial processes. The 
determination of the rate equation is possible in this field, given the common 
features of pharmaceutical reactions, which are usually carried out under mild 
conditions, in batch stirred reactors, often with homogeneous catalysts; the 
appropriate choice of catalyst and ligand usually minimizes side reactions. 
Mechanistic-based rate equations can be determined with relatively few experiments.  
The determination of the true kinetics of a reaction, at the outset of a mechanistic 
study, can provide a wealth of information, helping in the formulation of a 
mechanistic proposal and quickly discarding incorrect mechanisms. When two 
different mechanistic proposals have been made, kinetics can help in choosing the 
correct one. Information about catalyst deactivation and the rate limiting step can be 
quickly obtained; once a kinetic model has been developed, it is possible to 
determine intermediate’s relative concentrations even before knowing their structure. 
Most importantly, kinetics can streamline the planning of successive experiments, 
such as the stoichiometric study of individual steps, or spectroscopic studies. 
The technique of Reaction Progress Kinetic Analysis (RPKA) has been developed in 
recent years by Blackmond and coworkers to derive a precise kinetic picture of a 
reaction while carrying out a small, carefully designed, set of experiments. This is 
achieved by monitoring the reaction with in situ techniques, such as reaction 
calorimetry, FTIR, NMR. A review article11 and a perspective article61 have been 
published recently by Blackmond et al., presenting a detailed description of the 
methodology. 
RPKA relies on very precise data. Among the several in situ techniques which is 
possible to use, reaction calorimetry has proven to be one of the most effective, as it 
measures the heat generated by a reaction, which is proportional to the reaction rate; 
a large number of data points can be collected.  
Using the RPKA methodology, two different types of experiments are carried out: 
“same excess experiment” to assess catalyst stability and “different excess 
experiment” to determine concentration dependences of substrates. Details are 
presented in Chapter 2. 
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Important  studies  with  reaction  progress  kinetic  analysis  and  reaction 
calorimetry 
 
We present here a brief overview of important studies that have been carried out by 
the Blackmond group using reaction calorimetry and the methodology of reaction 
progress kinetic analysis; the mechanistic conclusions achieved by these studies 
would have been more challenging to obtain using other kinetic methodologies. 
The (salen)Co-catalyzed hydrolytic kinetic resolution of epoxides (HKR), developed 
by Jacobsen et al., is one of the several important chemical transformations which 
has been studied by reaction calorimetry73. A careful measurement of the reaction 
rate over time permitted the formulation of a complex rate law consistent with a 
cooperative bimetallic mechanism, involving the participation of two complexes Co-
OH and Co-X (X countarion) and a rate determining bimetallic step. The reaction 
rate was found to depend on the relative quantity of these two complexes: a 
parabolic dependence of the initial reaction rate on the relative concentration of the 
two species Co-OH and Co-X (with a maximum rate for Co-OH=Co-X) was 
determined. This was the first example, in asymmetric catalysis, of a complex serving 
as both precatalyst and cocatalyst. This study underlined the importance of 
continuous measurement of kinetics in gaining valuable mechanistic information that 
may lead to significant improvements in synthetic methodologies. 
Blackmond and Brown conducted studies on the autocatalytic alkylation of pyrimidyl 
aldehydes (Soai reaction); this reaction is very important because it can serve as a 
model for the origin of biological homochirality and is the only known example of an 
autocatalytic asymmetric reaction. Careful kinetic monitoring by reaction calorimetry 
of reactions carried out starting from different catalysts ee allowed for a development 
of a model for these reactions that carefully predicts reaction rate and 
enantioselectivity.13 This model suggested that the driving force towards 
enantioselectivity is the relatively small reactivity of the heterochiral dimer RS 
compared to the homochiral dimer RR or SS. A small imbalance in the initial relative 
concentrations of the species R or S could therefore lead to amplification of ee. 
Subsequent studies carried out varying the initial substrates concentrations allowed 
for a refinement of the model and a proposal of a tetrameric transition state19. The 
kinetic model was successful in predicting the temporal change in product 
enantioselectivity, obtained in independent analytical measurements. 
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A key factor for these studies was the great accuracy of reaction calorimetry in 
continuously monitoring the rate of reaction, so that the rate could be precisely 
related to the varying concentrations of the reacting substrates and to the product 
enantioselectivities.  
Studies on the proline catalyzed aldol reaction, performed by Blackmond et al.110 also 
relied on reaction calorimetry. It was observed, through a same excess experiment 
(see Chapter 2), that the proline catalyst deactivates during the reaction. However, 
the same experiment carried out in the presence of water showed that in this case 
there is no catalyst deactivation; on the other hand, the presence of water greatly 
reduced the reaction rate. It was therefore possible to propose two opposite effects 
of water, consistent with the mechanism: on one hand the addition of water increases 
the concentration of the active catalyst in the cycle due to suppression of spectator 
species which would ultimately lead to irreversible deactivation of the proline 
catalyst; on the other hand water causes a shift of the relative concentrations of key 
intermediates, causing an overall reduction of the reaction rate.  
This study showed the power of this methodology in deconvoluting the role of water 
inside and outside the catalytic cycle. Without properly deconvoluting these effects, 
through a careful application of the same excess experiment, errors in the 
interpretation of the effect of water may arise. 
Kinetic studies on the Heck reaction of aryl halides81, carried out using reaction 
calorimetry, identified a marked induction period in which the active catalyst 
concentration increased over time; this resulted in the observation of zero-order 
kinetics, due to the slow build up of the active catalyst species and not to the true 
kinetic behaviour of the reaction. This study highlighted the importance of 
monitoring the kinetic behaviour of catalytic reactions through in-situ techniques, so 
that transient regimes in which the catalyst concentration changes over time may be 
identified. 
Reaction calorimetry can also be used in studies on the performance of different 
catalyst systems and ligands. Methodologies based on reaction calorimetry allowing 
for a fast screening of several catalyst systems have been developed56; these methods 
rely on “successive injections” protocols, i.e. several different catalysts are injected in 
succession in the reactive solution so that their activity in a particular reaction can be 
rapidly established, as the heat flow produced can be seen in real time on a computer 
screen. In other studies based on successive pulse injections, the activity of different 
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catalysts was tested by injecting in succession small aliquots of substrates; this fast 
experiment helped to identify a new and better Pd catalysts for Heck reactions14. A 
study on the very successful monobiarylphosipine ligands developed by the 
Buchwald group revealed a relationship between the catalytic activity and the 
structure of the ligand, therefore providing useful information in the effort to design 
better ligands.89 
These studies show the power of reaction calorimetry in rapidly assessing the catalyst 
performance for a particular reaction; this is because the calorimetric signal 
describing reaction rate is readily available, thus allowing for a very fast determination 
of the best catalyst. 
Reaction calorimetry and reaction progress kinetic analysis have also been used by 
the Hayashi group in Japan. They studied the kinetic behaviour of the Rh-catalyzed 
1,4-addition of arylboronic acids to enones48, 49. Through same and different excess 
experiments they could determine the exact kinetic behaviour and the rate limiting 
step of these reactions. By performing experiments using different catalyst 
concentrations they could determine the non-linear dependence of the reaction rate 
on the quantity of the catalyst employed. This was explained by the previously 
proposed mechanism, involving a monomer-dimer equilibrium of the rhodium 
catalytic species. This equilibrium was confirmed by the observation of negative non-
linear effects in asymmetric reactions using these catalysts. 
The technology of reaction progress kinetic analysis is becoming increasingly popular 
in the pharmaceutical industry where different research groups have used these 
concepts for their studies. Among these, recent studies by research groups at BMS20, 
GSK47 and Merck35 have employed this methodology. 
 41 
 
 
2) Chapter 2 
 
 
 
 
 
 
Methodology and experimental set up 
 
In chapter 1 we introduced the methodology of reaction progress kinetic analysis and 
the use of reaction calorimetry for kinetic studies of complex catalytic reactions; we 
discussed some examples and important achievements of these methodologies in 
mechanistic studies. 
The ideas and the theory behind these methodologies are presented in detail in this 
chapter. The terminology and the concepts of ‘same excess’ and ‘different excess’ 
experiments are introduced. Equations governing reaction calorimetry, as well as a 
brief introduction on the technique of FTIR spectroscopy, are presented, with a 
discussion on the main advantages of these techniques over traditional ones.  
A description of the experimental set up available in our labs, as well as technical 
details on how the experiments are carried out are also included. 
The chapter ends with a brief section on the software COPASI (complex pathway 
simulator), which has proven to be a useful modelling software in the study of 
complex catalytic reactions. 
 
 42 
 
 
Reaction progress kinetic analysis 
 
Reaction progress kinetic analysis (RPKA) is defined as “the analysis of experimental 
data acquired over the course of a reaction under synthetically relevant (non-pseudo 
zero order) substrate concentrations.”11 It enables the extraction of significant kinetic 
information from a small number of experiments. It relies on two important 
concepts: (1) the concept of excess and (2) the concept of graphical rate equations. 
In case of the general chemical transformation A + B  C, the concentrations of A 
and B are related during the course of the reaction through the parameter “excess”.   
Excess is defined for a constant volume reaction of this stoichiometry as the 
difference in the initial concentration of the two reactive substrates, as in the 
following expressions: 
 
€ 
e = A[ ]0 − B[ ]0       (eq. 2.1) 
 
 
€ 
A[ ] − B[ ] = A[ ]0 − B[ ]0 = e       ⇒     
€ 
B[ ] = e + A[ ]         (eq. 2.2) 
 
Excess can be zero, a positive or a negative number. It is a constant value for a given 
set of reaction conditions. Excess has the same concentration units as [A] and [B] 
(typically M or mM), and is not identical to the number of equivalents or to a 
percentage excess, both of which vary during the reaction.  
The second important concept is the concept of developing graphical rate 
equations. The curves generated during experiments are usually manipulated in an 
Excel spreadsheet and plotted as a function of reaction rate vs concentration of one 
of the substrates. The key is to find what function generates graphical overlay of the 
plots of reactions carried out under different defined conditions; once this function is 
obtained, valuable information about the reaction can be extracted. In the next 
sections we show how to interpret graphical overlay. 
Two different types of experiments can be run: (1) ‘same excess’ experiments or (2) 
‘different excess’ experiments. The ‘same excess’ experiment gives information on 
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catalyst stability, i.e. catalyst activation/deactivation or product induction/inhibition. 
The ‘different excess’ experiment gives information on reaction orders. 
The reactions are monitored using in-situ tools, under conditions similar to those 
typically employed for synthesis or in chemical processes, i.e. the concentrations of 
the substrates are not distorted as in traditional methods which make use of initial 
rate measurements based on pseudo zero order conditions in one substrate. 
Possible in-situ tools include reaction calorimetry, FTIR spectroscopy, NMR 
spectroscopy, etc. In-situ tools can be divided into two categories: (1) methods which 
offer a direct measure of the reaction rate over time, such as reaction calorimetry: the 
curves of the substrate/product concentrations over time can be obtained by 
integrating the rate curve. (2) methods which offer a direct measure of the substrate 
or product concentration over time: the curve of the rate can be obtained by 
derivation. 
As the operation of integration smooths random noise while derivation amplifies the 
noise, methods offering a direct measure of the rate generally provide higher quality 
data sets. The choice of the in situ method has to be made on a case-by-case basis 
depending on the characteristics of the reaction under study. For example, if the 
reaction does not produce a sufficient amount of heat, reaction calorimetry cannot 
be used; if the substrates or products do not show distinguishable peaks in the FTIR 
spectrometer, this method cannot be used. 
Once the real time behaviour of the reaction has been established, the data are 
manipulated on an Excel spreadsheet and different types of graphical rate equations 
may be developed and plotted. Let us examine in detail “same and different excess” 
experiments. 
 
Same excess experiment 
 
Two different reactions are monitored; these reactions have different starting 
concentrations but the value of the parameter excess is identical in each. 
Let us consider the simplest two-substrate reaction presented in Scheme 2.1, where 
the first substrate A binds to the catalyst, forming a catalyst-substrate complex which 
then reacts with the second substrate B to form the product and regenerate the 
catalyst (cat). 
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Scheme 2.1: catalytic reaction scheme involving two substrates 
 
The reaction rate for the Scheme 2.1 can be easily derived and has the following 
expression: 
 
€ 
rate = k1k2 A[ ] B[ ] cat[ ]TOTALk−1 + k1 A[ ] + k2 B[ ]         
(eq. 2.3) 
 
The complexity of this equation is that, during the course of a reaction, both 
substrates concentrations vary at the same time. But if we substitute with excess [e], 
we obtain the following expression: 
 
€ 
rate = ′ a A[ ] e[ ] + A[ ]
2
1+ ′ b A[ ]
⋅ cat[ ]TOTAL
     
(eq. 2.4) 
 
where: 
 
€ 
a'= k1k2k−1 + k2 e[ ]
  
€ 
b'= k1 + k2k−1 + k2 e[ ]    
 
 
In equation 2.4, the reaction rate only depends on the concentration of the substrate 
A; the rest of the expression is made of constants. During a ‘same excess’ 
experiment, where the excess is the same, it is clear that if eq 2.4 truly describes the 
system the reaction rate of two different reactions having different initial 
concentrations must be the same for any given value of the concentration of 
substrate A: two graphs of reaction rate vs [A] necessarily present graphical overlay. 
If this is not true it means that eq. 2.4, where it was postulated that the catalyst 
concentration remains constant over time, does not represent well the system; this is 
 
 
catalyst
catalyst-substrate 
      complex
product P
substrate B
substrate A[cat]
k2
k1k-1
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the case for example during catalyst deactivation, where the catalyst concentration 
[cat]TOTAL decreases over time; during induction periods, where the catalyst 
concentration [cat]TOTAL increases over time; during product inhibition or product 
activation, where a term describing the dependence of the rate on the concentration 
of the product has to be added to the expression. 
Let us examine in detail how to proceed in practice once the data of both reactions 
has been collected. A graph has to be constructed, with the reaction rate on the y-axis 
and the concentration of one of the two substrates on the x-axis. The two curves, 
plotted on the same graph, either overlay (Figure 2.1) or do not overlay; if they 
overlay this confirms that the two reactions exhibit the same rate at the same 
substrate concentrations. Let us consider Figure 2.1: the vertical black line highlights 
the value of the reaction rate, for both reactions, at the same value of concentration 
of A (the value of the x-axis); this point also corresponds to the value of the rate at 
the same value of concentration of B (as the excess is the same: [B]=[A]+e); the only 
difference between the two runs, considering the same concentration of A, is that 
one of the reactions has been running for longer, i.e. the catalyst has undergone more 
turnovers, and the product concentration is higher; if the reaction rate is the same, 
i.e. there is graphical overlay, it is clear that the fact that the catalyst has undergone 
more turnovers and the higher product concentration does not have any effect on 
the reaction rate: the conclusions is that there is not catalyst activation/deactivation 
nor product inhibition; if on the contrary the reaction rate is different (curves do not 
overlay), then it is clear that something other then the concentration of A and B is 
affecting the rate, either caused by a different concentration of the active catalyst or 
of the product. If the curve referring to the reaction with the higher substrate initial 
concentration (which has been running for longer) shows higher rate, it means that 
the catalyst was activated over time; on the contrary, when this curve shows smaller 
rate, it means that either the catalyst was deactivated over time or that there is 
product inhibition. In order to distinguish between these two possibilities, two 
calorimetric experiments can be run under the same exact conditions and initial 
concentrations, with the product added to one of the vials. 
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Figure 2.1: ‘same excess experiment’; example of a curve presenting graphical overlay. 
 
Finally, we wish to underline the importance of the ‘same excess’ experiment for any 
kinetic investigation devoted to finding a reaction rate law and reaction orders. 
Extensive studies on Heck reactions by Blackmond et al. have shown that, in the 
determination of reaction orders, erroneous lower orders in substrate concentrations 
may be observed if catalyst activation occurs and is not accounted for81; on the 
contrary, if catalyst deactivation occurs, higher reactions orders may be observed86, as 
expressed by the following expressions: if eq. 2.5 is the true rate law of the system, a 
different apparent rate law (eq. 2.6) may be recorded if the concentration of the 
catalyst is increasing or decreasing with time15. 
 
 
 
 
 
 
True reaction orders in substrate concentrations can only be established when it has 
been previously verified the absence of catalyst activation/deactivation: the same 
excess experiment can provide a powerful tool. 
€ 
rate t( ) = k ⋅ substrate[ ] t( )x true( ) ⋅ catalyst[ ]0 (eq. 2.5) 
€ 
rate t( ) = k ⋅ substrate[ ] t( )x app( ) ⋅ catalyst[ ] t( )  (eq. 2.6) 
if [catalyst](t) increasing ⇒ x(app)<x(true)  
if [catalyst](t) decreasing ⇒ x(app)<x(true)  
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Different excess experiments 
 
During the ‘different excess’ experiment at least two reactions are monitored; these 
reactions have different starting concentrations and the excess is also different.  
This experiment is useful for determining the exact rate law of a reaction involving 
two substrates. The goal is to produce a plot of a straight line y = mx. The function 
we plot on the y-axis will be related to rate and one concentration.  The function we 
plot on the x-axis will be related to a concentration.  Plotting the results of multiple 
reactions in which we achieve a straight line in which the data from different 
reactions overlay provides mechanistic information as described below. 
For a general two substrates reaction, or in a catalytic reaction presenting a clear rate 
limiting step, the reaction rate often may be approximated by a power law equation. 
Let us consider for example the following reaction: 
 
A + B  C     (1) 
 
A simple rate law that we can propose for this reaction is: 
 
€ 
rate = k ⋅ A[ ]x B[ ]y       (eq. 2.7) 
 
A common goal is to determine the order of reaction in both substrates, i.e. the value 
of the exponents x and y. We proceed by normalizing the reaction rate by the 
function of one of the two substrates; for example, if we normalize in the substrate 
A, we obtain an expression: 
 
€ 
rate
A[ ]x
= f B( ) = k ⋅ B[ ]y
      
(eq. 2.8) 
 
This function f(B) only depends on the concentration of substrate B; that is, we have 
removed all dependence on [A] from the right hand side (i.e., the x-axis) of the 
equation. As a consequence the graphical rate equation of the normalized rate, 
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plotted vs the concentration of B, necessarily presents graphical overlay. The 
standard procedure used to determine x is therefore the following: 
 
1) A different excess experiment is carried out, i.e. two reactions are monitored in 
the calorimeter having different starting substrate concentrations and different 
excess. 
2) A plot for both the reactions of the rate/[A]a (a generic) vs. the concentration of 
B is presented on the same graph. 
3) a is varied until the two curves present graphical overlay: this value of a is the 
sought order of reaction x. 
 
Once x is determined, the dependence on the concentration of substrate B (y) can be 
inferred by the shape of the rate curve. For example, if the curve of the rate vs [B] is 
a horizontal line, i.e. the value of B has no influence on the rate, the reaction is zero 
order in B. If it is a straight line that passes through the origin, i.e. there is a linear 
relationship between rate and [B], the reaction is first order in B. Alternatively, we 
can set the x-axis as [B]y.  Overlay of curves on this normalized plot indicates that 
both x and y have been accurately determined. 
Although the expression of the reaction rate of complex catalytic reactions may not 
always be approximated as a power rate law, this procedure may be useful for 
mechanistic investigations even in these cases; obtaining the reaction orders using 
this method, which provides the best approximation with a power rate law, can give 
important information regarding the driving forces of the reaction under study. 
It is clear that an alternative approach using regression analysis to determine the 
values of x and y would give the same result. The graphical approach offers a visual 
methodology for users who might be unfamiliar with carrying out regression analysis. 
Regarding the determination of more complex rate laws, in the previous section we 
introduced the simple two substrate catalytic reaction (Scheme 2.1) and the equation 
2.3 describing its catalytic rate. The rate equation 2.3 contains two adjustable 
parameters a’ and b’; fitting the kinetic data to this equation would allow for the 
determination of two parameters, and no unique solution for the three constants k1, 
k-1, k2 involved in the mechanism. The different excess experiment provides an 
additional independent set of data that can be fitted in the equation for a unique 
determination of the three constants. 
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Same and different excess experiments require very precise data in order to extract 
useful information. Determination of graphical overlay would not be possible 
without extremely precise curves of the reaction rate.  
 
Reaction calorimetry 
 
The majority of the reactions studied in this thesis have been monitored using 
reaction calorimetry, which is a very powerful technique because it provides a direct 
and precise measure of the reaction rate vs time. We present here the most important 
equations regulating reaction calorimetry.  
It is possible to model the vial in the calorimeter as a batch reactor, with substrates 
neither added nor removed over time; the energy balance around the calorimetric 
vial, which is kept at a constant temperature when the reactions occur, has the 
following expression: 
 
€ 
q t( ) =V ΔHi
dCi
dt
 
 
 
 
 
 
i
∑
       (eq. 2.9) 
 
where V is the total volume of the reactive solution (which is considered invariant), 
ΔHi is the heat of reaction of the ith reaction, (dCi/dt) is the rate of the ith reaction. 
In case of a single reaction (i=1), as it is the often the case, the expression can be 
simplified as in eq. 2.10: 
 
€ 
q(t) =VΔHrxn rate t( )( )       (eq. 2.10) 
 
From the function of heat vs time, we can obtain an expression for the conversion; 
by considering the fraction of time t + dt, we can assume that the fraction of heat 
generated in this time t + dt is equal to the fraction of conversion achieved in the 
same time, as in eq. 2.11. 
 
€ 
X t( )
X final
=
q t( )dt0
t
∫
q t( )dt0
t final( )∫
  
€ 
⇒ 
€ 
X t( ) = X final
q t( )dt0
t
∫
q t( )dt0
t final( )∫       
(eq. 2.11)  
 50 
 
The final conversion (Xfinal) can be verified independently with other techniques, 
such as GC or HPLC. 
Eq. 2.11 represents an expression of the conversion vs. time; we need to calculate the 
total heat generated by the reaction, which corresponds to the total area under the 
heat curve. 
By dividing the total heat by the total moles of product produced, a value for the 
heat of reaction can be obtained. This value is a thermodynamic measure of the 
actual energy required to break and form chemical bonds.  Essentially the heat of 
reaction is a proportionality constant between heat flow and reaction rate.  Every 
time the same reaction is monitored, the same heat of reaction should be obtained. 
This value therefore provides an independent check on the validity of the 
measurement.  
Once an expression for the conversion vs. time is obtained, it is straightforward to 
derive an expression for the concentration of substrates and product versus time, as 
eq. 2.12-13 (referred to the limiting substrate): 
 
€ 
substrate[ ] t( ) = substrate[ ]0 1− X t( )( )    (eq. 2.12) 
€ 
product[ ] t( ) = substrate[ ]0 X t( )( )      (eq. 2.13) 
 
A sampling experiment, in which the conversion curve calculated from the 
calorimetric data is compared to a conversion plot calculated through another 
technique has to be carried out for every new system. This is to assure that the 
calorimeter actually monitors the real heat produced by the reaction under study; in 
mathematical terms, this is to verify that eq. 2.10 is valid. 
If the system under study is not a single reaction but presents several parallel 
reactions, the methodology would become more complex and different monitoring 
techniques would need to be used; nevertheless, reaction calorimetry has been 
employed with success even in these cases57. 
A condition that has to be verified in order for the calorimetric experiment to be 
valid is that the volume of the reactive solution does not change over time; this is 
true if the density of the solution containing the substrate and the density of the 
solution with the products are approximately equal.
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Experimental set up 
 
Reaction calorimeters used in this work include the Omnical SuperCRC and the 
Omnical Insight. These calorimeters could be used interchangeably: we performed 
tests as suggested by Omnical, measuring the heat of solubilisation of KCl and 
obtained perfect reproducibility. 
The Omnical Insight is shown in Figure 2.2: 
 
 
Figure 2.2:  Omnical Insight 10-port reaction calorimeter 
 
This calorimeter has an incorporated magnetic stirrer and can monitor up to ten 
reactions at the same time. The SuperCRC monitors a single reaction at the time. 
A measurement of the heat flow can be taken at variable rates up to once every 2 
seconds. The temperature is kept constant by an external PC-controlled circulating 
bath; the SuperCRC can also operate with an internal heater. The vials have a 16 ml 
volume and are equipped with a septum cap, although the reaction volumes used for 
reactions are around 4-5 ml. In a typical experiment, the vials are placed in the 
calorimeter slots and thermally equilibrated under stirring at the reaction 
temperature; equilibration usually takes 40 minutes and is completed when the 
monitored heat flow is constant (±1 mW). A plastic syringe, containing one of the 
substrates or a catalyst solution is placed in the compartment on top of the 
calorimeter vial and it is thermally equilibrated, so that the temperature of the 
solution in the vial and in the syringe is the same. Syringe equilibration time is kept as 
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short as possible (usually 7 min) to avoid possible evaporation of the substrate at 
high temperature. The content of the syringe is then injected and the reaction begins. 
The syringe is weighed before and after injection so that the exact quantity of the 
injection can be known. 
 
Standard conditions 
 
At the outset of every calorimetric investigation of a particular reaction, standard 
conditions have to be established; the primary aim is to obtain conditions under 
which the experiments can be reproduced with good accuracy. The heat 
measurement should not be too small: this would result in low accuracy of the 
measurements, as it is difficult to distinguish between the heat generated by the 
reaction and any small baseline shift that might occur during an extended reaction 
period; it should as well not be too high: in this case the heat generated arrives to the 
sensor too rapidly to be measured precisely; generally maximum heat peaks below 
1000 mW are preferred.  
Tuning standard conditions can include varying the operating temperature or the 
catalyst loading. Standard conditions also include a description of which substrate is 
added last; either the substrates or the catalyst can be injected last; sometimes, an 
investigation on how the heat produced changes depending on which substrate is 
added last can give valuable mechanistic information. 
 
Correction of heat of mixing 
 
When reaction is started, a sharp initial heat signal is sometimes observed. This is 
usually due to the heat of mixing produced when the content of the syringe is mixed 
with the content of the reaction vial. This heat of mixing, which does not represent 
the reaction rate, has to be subtracted from the heat curve.  
Usually, an experiment is performed when the heat of mixing is measured. This can 
be done by carrying out an experiment using the same exact procedure as in a 
reaction under standard conditions, except that the catalyst is not added. Without the 
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catalyst, the reaction does not take place and a measure of the heat of mixing can be 
obtained. 
 
Correction of heat flow signal: lag time 
 
The heat released by the reaction takes a certain time to travel through the reactor 
walls to the calorimeter’s sensor; in order to account for this time and obtain a 
precise curve a calibration is performed, typically at the end of a each reaction. An 
electric signal of known heat is applied to the reactor for a short period of time. Such 
a signal should appear as a step change in heat flow. An example of this calibration 
signal is presented in Figure 2.3. 
 
 
Figure 2.3: Mathematical correction of heat flow data: a) square wave; b) experimental data. Blue line: 
uncorrected data; pink: corrected data.111 
 
 
The blue curve is the heat flow measured by the calorimeter during this calibration.  
It is clear that the calorimeter does not respond instantaneously to the on and off 
steps of the calibration signal.  Through the calibration program, it is possible to find 
the lag time (τ) which is necessary to transform the blue curve into the violet curve 
as in Figure 2.3a. This same value τ is then applied to the calorimetric curve of the 
reaction, as in Figure 2.3b. The value of τ  depends on the thickness of the wall of 
the particular vial used; for this reason, the τ correction has to be carried out after 
each experiment using a different vial. In practice, we have noticed that in the great 
majority of the times, the measured correction value is the same and in the case of 
the Insight calorimeter is 2,1 min. 
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FTIR spectroscopy 
 
Another in situ method that is often used to monitor catalytic reactions is Fourier 
transform infrared (FTIR) spectroscopy. As it was employed in the current work for 
monitoring biphasic reactions (chapter 7), we present its use and define the most 
important concepts here. 
The principles of FTIR spectroscopy are based on the interaction between 
electromagnetic radiation in the infrared region and a sample; when an infrared beam 
passes through the sample, the chemical bonds that form a particular functional 
group bend, stretch and vibrate, absorbing infrared radiation in a specific 
wavenumber range; the same functional group always shows peaks at the same 
wavenumber position, regardless of the chemical surroundings of the molecule. The 
instrument detects the intensity of the infrared beam after it has passed through the 
sample; this time domain signal is then transformed to a frequency domain signal by 
applying a Fourier transform.  
The Beer & Lambert law can be used to relate the intensity of the peaks to the 
concentration of the molecule containing a particular functional group. (eq. 2. 14) 
 
€ 
A =α ⋅ l ⋅ S[ ]      (eq. 2.14) 
 
where A is the absorbance, [S] is the concentration of a particular substrate, α is a 
wavelength-dependent absorptivity coefficient, l is the path length.  
This is an example of integral method; once a curve for the absorbance vs time has 
been obtained, it can be easily transformed into a curve of conversion vs time if the 
final conversion is known; it is then possible to obtain a curve of the reaction rate vs 
time by taking the derivative. 
In the Multimax IR from Mettler Toledo that we operate in our labs, four reactions 
can be monitored at the same time. 
Compared with reaction calorimetry, this method is sometimes less precise because it 
can obtain less measurements (30s vs 2s) and because of the intrinsic fact that an 
operation of derivation is needed in order to obtain the rate curve. This instrument, 
however, can be very useful for monitoring long reactions, in which a measurement 
every 30s is more than enough to obtain a very precise concentration curve and in 
which the heat generated is too small to be registered by the calorimeter. 
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Comparison with traditional methodologies 
 
When compared to traditional kinetic methodologies, reaction progress kinetic 
analysis provides several advantages. 
It is possible to obtain more information in less time. By carrying out just three 
experiments (“same excess” and “different excess”) we can assess catalyst stability 
and establish reaction orders in two substrate concentrations. Using in-situ tools, the 
data can be collected rapidly. The invention of time-consuming methods based on 
traditional initial rate experiments of distorted concentrations was due to the 
necessity to simplify the mathematical treatment of the reactions; when one of the 
substrate is taken in a very large excess, its concentration can be considered virtually 
constant and the dependence of the rate on the other substrate can be established; 
the innovation of the methodology of reaction progress kinetic analysis, with its 
graphical rate equation and concept of excess, is that it provides a simple and 
straightforward method to treat the mathematics of reactions in which two substrate 
concentrations change simultaneously. 
The fact that reactions are studied under synthetically relevant conditions avoids 
possible errors that may arise when the rate limiting step changes at high 
concentrations of one substrate. 
A further advantage, and probably the most attractive feature of these 
methodologies, is the possibility to monitor changes in the catalyst active 
concentration over time. Screening tests, based on the ‘same excess’ experiments, can 
be designed to assess the robustness of different catalyst systems. Using in-situ tools, 
it is also straightforward to recognize induction periods.  
Finally, these methodologies provide a straightforward tool to investigate very 
complex catalytic networks, such as multipathway, autoinductive64 and autocatalytic13 
reactions. 
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COPASI software 
 
COPASI (complex pathway simulator)41 is a useful software for simulations and 
modelling that has been used in this work. This software has been developed for 
biochemical networks and is available open source from the internet 
(www.copasi.org). The main advantage of COPASI over modelling programs such as 
MatLab is that it is possible to directly write the chemical equations of the system; 
the program automatically associates to the chemical equations the corresponding 
mathematical equations required for the numerical integrations used in simulation 
and fitting. As a result, it is possible to model or simulate systems for which finding 
the mathematical expression is not straightforward; and it is also possible to find the 
exact value of constants by fitting the curves obtained during experiments with the 
chemical model, without the need to develop an explicit rate equation. In this respect 
the Copasi software is similar to MacKinetics, Berkeley Madonna, Scientist, among 
others. 
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3) Chapter 3 
 
 
 
 
 
Pd-catalyzed amination of aryl halides: kinetic studies 
 
The mechanism of the Pd-cataylzed amination of aryl halides has been studied 
previously. A recent paper was published in 2006 by Blackmond, Buchwald and 
Hartwig et al. on the amination reaction catalyzed by Pd/(BINAP) complexes where 
a mechanism consistent with observed kinetics was proposed and several previous 
mechanistic proposals were re-evaluated. The generally accepted mechanism for 
primary amines suggests that oxidiative addition of the aryl halide to the catalyst is 
followed by addition of amine, deprotonation and product elimination to restore the 
catalyst.  For primary amines, this mechanism is in accordance with the observed 
positive order kinetics in [aryl halide] and zero order kinetics in [amine]. 
Our preliminary studies pointed out that the reaction of benzophenone hydrazone 
showed different kinetics. It was therefore our first goal to establish the exact kinetic 
behaviour of these reactions and investigate the origin of this difference. 
 
 
 
 58 
Amination reactions using benzophenone hydrazone and hexylamine 
 
Kinetic studies were carried out by reaction calorimetry; initial studies focused on 
reactions involving two very different amines: benzophenone hydrazone and n-
hexylamine. Benzophenone hydrazone is of particular interest to Syngenta as it is 
used in processes leading to arylhydrazines, important intermediates for the 
production of heterocycles, including indoles, through the Fisher synthesis.  
The catalyst used for these studies is a Pd(BINAP) complex generated in situ from 
Pd(AcO)2 and BINAP. Sodium-tert-butoxide was used as the base and toluene as the 
solvent, as in Scheme 3.1. 
 
 
Scheme 3.1: Pd-catalyzed amination of aryl halides 
 
Initial attempts to establish standard conditions suggested that the benzophenone 
hydrazone reaction achieved measurable reaction rates at 90°C; on the contrary, the 
hexylamine reaction was too fast to be studied at this temperature, as it produced an 
extremely high peak in the heat curve (>2000 mW): under these conditions, the 
calorimeter does not produce accurate data, as the heat is not subtracted from the 
reactive solution fast enough to keep the vial at the same temperature. On the 
contrary, lowering the temperature to 60°C, the curves were not precise because, 
during the reactions under standard concentrations, the salt that is produced during 
the reaction (NaBr) precipitates generating heat which is difficult to subtract from 
the heat curve. The temperature was therefore set to 70°C. 
It is worth noting that the base had to be dried before experiments for at least 12 
hours; when the base was not dried but used directly from the glove box (where it 
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was stored), either the reaction did not occur at all or irreproducible results were 
obtained.  
Figure 3.1 shows the calorimetric curves obtained in a measurement at standard 
conditions. Both the reactions with benzophenone hydrazone (a) and hexylamine (b) 
are displayed. 
 
 
Figure 3.1: Calorimetric profile of two Pd-catalyzed amination reactions involving: 3-
bromobenzotrifluoride (0.4M); (a) benzophenone hydrazone (0,4M); (b) hexylamine (0,4M). 
Temperatures: (a) 90°C, (b) 70°C. 
 
A sampling experiment was then performed; Figure 3.2 shows that the conversion 
measurements obtained from the sampling experiment overlay with the conversion 
curves derived from the calorimetric curves (Figure 3.1), thus validating the use of  
reaction calorimetry for kinetic studies of these reactions.  
 
Figure 3.2: Conversion vs time of the reactions presented in Scheme 3.1: initial concentrations: 
Pd(AcO)2 0.009M, BINAP 0.012M, (a) benzophenone hydrazone (0.4M) (b) hexylamine (0.4M), aryl 
halide (0.4M), sodium-t-butoxide (0.45m). Temperatures: (a) 90°C, (b) 70°C. : GC measurements 
 
!
a  b 
  a      b 
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The heat curves shown in Figure 3.1, which offer a direct measure of the reaction 
rate, already hold important information; the reaction with benzophenone hydrazone 
shows an essentially constant reaction rate over time, i.e. overall zero order kinetics, 
while in the reaction with hexylamine the rate decreases over time (positive order 
kinetics).  
We then performed ‘same’ and ‘different excess’ experiments, shown in Figure 3.3 
and Figure 3.4. 
 
 
Figure 3.3: same excess experiment for Pd-catalyzed arylation of (a) benzophenone hydrazone -90°C- 
(b) n-hexylamine  -70°C- with 3-bromobenzotrilfuoride. Initial concentrations reported on graph. 
 
 
Figure 3.3 shows ‘same excess’ experiments. The graphs are plotted as reaction rate 
vs concentration of the aryl halide. We observe graphical overlay in both cases. 
Therefore, we can conclude that, under these conditions, the catalyst is stable during 
the course of the reaction. 
After verifying that the catalyst concentration remains constant over time, we can 
proceed to the determination of the reaction orders using the “different excess” 
experiment. 
Figure 3.4 shows ‘different excess’ experiments for both the amination reactions 
considered. Figure 3.4a refers to the benzophenone hydrazone reaction. This 
reaction is zero order in both substrates. 
 
  a 
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Figure 3.4: different excess experiments for Pd-catalyzed arylation of (a) benzophenone hydrazone -
90°C- (b) n-hexylamine  -70°C- with 3-bromobenzotrilfuoride. Initial concentrations reported on 
graph. 
 
Figure 3.4b refers to the hexylamine reaction: the y-axis represents the reaction rate 
of two reactions having different excess vs concentration of ArX. Considering any 
value of the x-axis, i.e. any particular value of the concentration of ArX, this value 
corresponds to a different value of the concentration of n-hexylamine (as the excess 
is different). The fact that the two curves present graphical overlay suggests that 
different amine concentration has no influence on the reaction rate: the reaction is 
zero order in the amine. The shape of the rate curve is a straight line, suggesting a 
linear relationship between the reaction rate and the concentration of the substrate 
shown on the x-axis: the reaction is first order in the aryl halide. 
 
These kinetic measurements show a change in the kinetic behaviour of this reaction 
when changing the amine. When the benzophenone hydrazone is used the reaction is 
zero order in both the amine and the aryl halide; when hexylamine is used the 
reaction is zero order in the amine and first order in the aryl halide. This data can be 
explained by considering the currently accepted mechanism which, as discussed in 
Chapter 2 involves a complex, Pd(BINAP)2, which lies outside the catalytic cycle; this 
complex undergoes ligand dissociation to form Pd(BINAP), lying in the catalytic 
cycle; then oxidative addition of the aryl halide, reaction with amine and base to form 
an arylpalladium amido complex, and finally reductive elimination of the product to 
regenerate the Pd(BINAP).  
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Scheme 3.2: mechanism of the Pd-catalyzed amination of aryl halides 
 
Both the reactions studied can be explained by this mechanism if we suppose a 
change in the rate limiting step. In the case of hexylamine, when the reaction 
depends on the concentration of the aryl halide, the oxidative addition is rate 
limiting. Oxidative addition has been commonly found to be the rate limiting step in 
previous studies of Buchwald-Hartwig reactions. However, when benzophenone 
hydrazone is used, the reaction rate does not depend on the concentration of either 
the amine or the aryl halide, suggesting that the rate limiting step occurs after 
reaction with amine and base, for example the reductive elimination. 
 
Identification  of  the  catalyst  resting  state  for  the  benzophenone  hydrazone 
reaction 
 
In the case of primary amines, previous 31P NMR studies103 have shown that the 
catalyst resting state is the Pd(BINAP)2 complex, which lies outside the catalytic 
cycle; the Pd(BINAP) species has never been observed experimentally and exists only 
fleetingly in catalytic and stoichiometric reaction networks. 
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Kinetic evidence suggests that in case of the benzophenone hydrazone reaction, the 
catalyst resting state is an amido complex which precedes reductive elimination; the 
complex should have the following structure: 
 
 
Figure 3.5: amido complex, suggested resting state for the N-arylation of benzophenone hydrazone 
 
In order to further confirm these assumptions and find experimental evidence that 
the complex represented in Figure 3.5 is the catalyst resting state in this case, we 
carried out spectroscopy studies. The 31P NMR spectrum taken during a 
benzophenone hydrazone reaction, carried out at 90°C in the NMR tube, shows the 
following peaks: 
 
 
Figure 3.6: 31P NMR spectrum of a Pd/BINAP catalyzed reaction between 2b and 1 
 
The spectrum in Figure 3.6, showing two doublets (31P: 29.1, 18.9; J=38 Hz), is 
consistent with our interpretation that the complex shown in Figure 3.5 is the catalyst 
resting state. 
Several attempts to isolate this complex were made. As it is clearly identifiable by 
NMR, even when kept at room temperature for several hours after its formation, it 
should be stable enough to be isolated. However, these efforts were unsuccessful, 
mainly because of the difficulty in separating the complex from benzophenone 
hydrazone; a large excess of hydrazone is necessary in order to form the complex 
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(usually at least 5 equivalents); when trying to obtain a crystal of the complex, the 
benzophenone hydrazone crystallizes first. 
Mass measurements were carried out with a time of flight electrospray method; these 
measurements also proved to be complicated. Attempts to carry out LC-MS 
(experiments carried out at the Syngenta R&D center in Jeallots Hill, UK) were 
unsuccessful, because the complex decomposes in the LC. On the contrary, when a 
sample in solution was measured, it was possible to obtain a spectrum in which a 
peak for 1069 (the mass of the complex of 1068 and one hydrogen) was clearly 
visible (details of the mass measurement are presented in the appendix). 
The theoretical isotope distribution for complex 6b, as well as the experimental 
isotope distribution for the peak showing mass 1069 in the spectrum, are shown in 
Figure 3.7. Clearly they are very similar. 
 
 
Figure 3.7: Comparison of a) experimentally observed pattern for m = 1069 peak from samples 
obtained during the reaction of 1 with 2b carried out under the conditions of Figure 3.1a; and b) 
theoretical calculated isotope distribution.  
 
Reactions using a different aryl bromide (1-bromo-4-tert-butylbenzene) and a 
different amine (benzophenone imine – these reactions are discussed in Chapter 5), 
also showed a similar overall zero order behaviour in the calorimeter. 31P NMR of 
samples taken during these reactions showed a Pd(BINAP) complex as the catalyst 
resting state. In both cases the chemical shifts of the two doublets were different (see 
appendix for details); this suggests that the Pd(BINAP) complex identified by NMR 
contains both an aryl group and an amide group. 
All these experiments taken together, the kinetics, the mass measurements, NMR 
measurements, suggest that it is reasonable to assign the peaks showed in Figure 3.6, 
to a Pd(BINAP)Ar(hydrazone) complex (Figure 3.5). 
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NMR experiments 
 
The next goal was to obtain a complete description of the transformation of the 
catalyst during these reactions. 
We prepared the Pd(BINAP)2 complex as reported in the literature
88 and verified its 
identity through its 31P NMR peak. 
Mixing Pd(AcO)2 and BINAP at 60°C gave rise to a peak, probably referring to 
(BINAP)Pd(AcO)2, as identified in previous studies by Hayashi & al.
77 When 
hexylamine was added, a small peak referring to the Pd(BINAP)2 was visible, 
although the (BINAP)Pd(AcO)2 was still predominant. When the base Na-t-BuO was 
added to the solution, the (BINAP)Pd(AcO)2 disappeared and Pd(BINAP)2 was 
formed.  
These results suggest that both the amine and base are necessary for reduction of 
Pd(II) in Pd(OAc)2 to Pd(0); this is in agreement with previous studies by Buchwald 
et al.103 (they proposed a mechanism for reduction of Pd(II), when aniline is used as 
the amine- Chapter 1, Figure 1.6). 
 
 
Figure 3.8: 31P NMR describing the role of 2a in the reduction of Pd(II) to Pd(0). Internal standard: 
phosphoric acid. 
 
When benzophenone hydrazone was involved, results were quite different. When it 
was added to a solution containing the (BINAP)Pd(AcO)2 complex, a mixture of 
different species was observed in 31P NMR, including Pd(BINAP)2, and another 
unidentified complex. When the aryl halide was then added to the solution two new 
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complexes were formed, including the oxidative addition complex 5 (its identification 
is presented in the following section). When the solution was then heated to 90° C, 
the major species observed was the oxidative addition complex. 
 
 
Figure 3.9: 31P NMR describing the role of 2b in the reduction of Pd(II) to Pd(0). IS: phosphoric acid. 
 
In the previous case of hexylamine, addition of the aryl halide to a solution 
containing the catalyst and the amine did not afford any trace of the Pd(BINAP)ArX 
complex. 
This results suggest that the benzophenone hydrazone has the ability to reduce the 
Pd(II) to Pd(0), without the need of the base.  
 
Identification of the Pd(BINAP)ArBr complex 
 
A Pd(BINAP)ArBr complex was prepared with the technique described by Amatore 
et al.3. 
 
Pd(dba)2 + 2 BINAP   →   Pd(dba)(BINAP) + dba + BINAP 
Pd(dba)(BINAP) + ArX   →   Pd(BINAP)ArX + dba + BINAP 
 
The final powder was washed with diethyl ether, in order to dissolve dba and purify 
the oxidative addition complex. 
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Analysis by 31P NMR showed two doublets, referring to a Pd/BINAP complex. The 
same chemical shifts were observed, as already discussed, when mixing Pd(OAc)2, 
BINAP, 3-bromobenzotrifluoride and benzophenone hydrazone. 
Finally, the complex was crystallized by slowly evaporating the solvent. An X-ray 
crystal structure was taken, and the following structure (Figure 3.10), referring to the 
Pd(BINAP)ArBr, was obtained. 
 
 
Figure 3.10: X-ray structure of the oxidative addition complex 5 
 
 
Conclusions 
 
In this chapter we presented the Pd-catalyzed amination of the aryl halide 3-
bromobenzotrifluoride using two very different amines, benzophenone hydrazone 
and hexylamine. The reactions were monitored by reaction calorimetry and presented 
very different kinetics; the hexylamine reaction was much faster and presented 
positive order kinetics, with the rate being first order in the aryl halide and zero order 
in the amine; on the contrary the benzophenone hydrazone reaction was zero order 
in both the aryl halide and the amine. These kinetic measurements are consistent 
with the currently accepted mechanism for the Pd/BINAP catalyzed amination if we 
suppose a change in the rate limiting step: the oxidative addition is rate limiting 
during the hexylamine reaction while the reductive elimination step becomes rate 
limiting during the benzophenone hydrazone reaction. Evidence from NMR, mass 
spectrometry, and from the observed kinetics led us to identify a 
Pd(BINAP)Ar(hydrazone) as the catalyst resting state during the benzophenone 
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hydrazone reaction. More in general it was shown how kinetic experiments, carried 
out at the outset of a mechanistic investigation, can be very informative and can 
streamline successive experiments, such as NMR or mass spectrometry. 
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4) Chapter 4 
 
 
 
 
 
 
 
Kinetic implications derived from competitive reactions 
 
In this chapter we present studies on the competitive arylation of benzophenone 
hydrazone and hexylamine. Competitive experiments have been used in the past to 
gain mechanistic information8; we show how catalytic reactions, carried out in 
competition, may have a very different kinetic behaviour compared to when carried 
out alone. We generalize the results obtained with a discussion on the Curtin-
Hammett principle, which explains selectivity in competitive reactions. The results 
presented in this section have larger implications then what concluded for the 
particular system under study and can be applied to other catalytic systems. 
 
An Intriguing Observation 
 
Competitive Pd-catalyzed arylation reactions of benzophenone hydrazone 2b and n-
hexylamine 2a (Scheme 4.1) were carried out in the calorimeter. 
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Scheme 4.1: Pd-catalyzed competitive arylation of benzophenone hydrazone and hexylamine 
 
The two separate reactions of 2a and 2b have different kinetic features, as described 
in Chapter 3. The rate of the reaction of 2b is zero order in both substrates, while the 
rate of the reaction of 2a is zero order in the amine and first order in the aryl halide. 
At 90°C the reaction of 2a is 30-fold faster under the same conditions, as shown in 
Figure 4.1. 
 
 
Figure 4.1: comparison of heat generated by the hexylamine reaction (blue) and the benzophenone 
hydrazone reaction (red) 
 
Based on these data, it would not be unreasonable to predict that, when in 
competition, 2a would react much faster, with selectivity completely favouring 
product 3a. 
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The competitive reaction was monitored by reaction calorimetry. The aryl halide was 
injected in a solution containing both the amines 2a and 2b and the resulting heat 
curve is shown in Figure 4.2.  
 
 
Figure 4.2: Calorimetric curve of a Pd/BINAP catalyzed competitive amination reaction involving 
benzophenone hydrazone, n-hexylamine and 3-bromobenzotrilfluoride. Conversion values calculated 
by GC. 
 
The calorimetric curve shows constant heat flow in the first part, suggesting overall 
zero order kinetics; at a certain moment, the heat curve has a sudden increase and the 
reaction switches to positive order kinetics. Samples were taken during a similar 
experiment carried out in the reaction calorimeter and analyzed by gas 
chromatography; the GC conversion, also reported on Figure 4.2, shows that 2b 
reacts first; only when it is completely consumed, reaction with 2a starts. 
The intriguing result presented in Figure 4.2 can be interpreted by considering the 
mechanism. Based on the currently accepted mechanism of this reaction we can 
suppose a catalytic cycle in which the aryl halide oxidativly adds to a Pd(BINAP) 
species generated from the dissociation of Pd(BINAP)2; amines 2a and 2b are in 
competition for addition to the oxidative addition complex 5, forming the two amine 
complexes 6a and 6b, which then undergo reductive elimination to afford the final 
products. (Scheme 2.1) 
 72 
 
 
Scheme 4.2: mechanism of the competitive Pd/BINAP catalyzed arylation of benzophenone hydrazone 
and hexylamine 
 
Pathways a and b correspond to the two competitive catalytic cycles respectively of 
amines 2a and 2b (Scheme 4.2). 
In terms of reaction rate, we can infer that the rate of consumption of the aryl halide 
1 is the sum of consumption of the aryl halide due to the two possible pathways a 
and b, as described in eq. 3.1. 
 
€ 
r1 tot( ) = r1 a( ) + r2 b( )    (eq. 3.1) 
 
The expressions of rate for pathways a and b are known; as previously discussed the 
rate of path a depends linearly on the concentration of the aryl halide 1, while the rate 
of path b does not depend on the concentration of any of the substrates, as in the 
following equations: 
 
€ 
r1 a( ) = k1 1[ ] 4[ ]      eq. 3.2 
€ 
r2 a( ) = k6b 6b[ ]       eq. 3.3 
 
The rate of consumption of 1 becomes: 
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€ 
r1 a( ) = k1 1[ ] 4[ ] + k6b 6b[ ]     eq. 3.4 
 
From Figure 4.2 we see that the reaction rate in the first part of the heat curve, i.e. 
when both the amines are present, shows overall zero order kinetics and its 
expression is equal to the rate of pathway b. 
The total rate is equal to the rate of pathway b; as a consequence, the rate of pathway 
a must be very small. We can write: 
 
€ 
k6b 6b[ ] >> k1 1[ ] 4[ ]     eq. 3.5 
 
The rate of each pathway is expressed as the product of the reactivity of the key 
intermediate of that pathway multiplied by the concentration of that intermediate. In 
this case, reactivity of the intermediate resting state of pathway a is considerably 
greater then the reactivity of the resting state of pathway b, as it is clear when the 
reactions are carried out separately. In order for pathway b to dominate, it must be 
that: 
 
€ 
6b[ ] >> 4[ ]      eq. 3.6 
 
Thus the concentration of the key intermediate of pathway b is much greater then the 
concentration of the key intermediate of pathway a. Benzophenone hydrazone binds 
very strongly to complex 5, forming a very stable intermediate (6b), so that only 
pathway b can occur. In this case it is the stability of the major intermediate to 
determine selectivity, and not the relative reactivity of intermediates. 
Interpreting the results in terms of selectivity provides a deeper understanding of 
these results. We know that we can express selectivity as the ratio of the relative rates 
of formation of the products; in case of pre-equilibrium amine binding and when 
[2a]=[2b], it takes the form of eq. 3.7: 
 
€ 
s = k6bk6a
K2b
K2a
      eq. 3.7 
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Selectivity (s) depends on the ratio of the reactivity constants, as well on the ratio of 
the binding constants, which determines the relative concentrations of intermediates. 
For the general case of two competitive reactions, in which intermediates a and b are 
in equilibrium and generate the two different products A and B, as in Scheme 4.3 we 
can write equation 3.8 (this is the simple Curtin-Hammett principle). 
 
It is possible to identify four possible scenarios:  
(I) Intermediate b is more reactive then a and is also more stable: B is always the 
major product. This is known as lock and key (or enzyme) kinetics. (Kb, > Ka; kb > 
ka) 
(II) Intermediate b is less stable then a but is much more reactive: B can be the 
major product. This is known as the “major-minor” regime. An example of this case 
has been provided by Landis and Halpern in their landmark studies on asymmetric 
hydrogenations54. (Kb < Ka; kb >> ka) 
(III) Intermediate b is less reactive then a but is much more stable: B can be the 
major product. An example of this case has been provided by our competitive 
arylation reaction of benzophenone hydrazone and hexylamine. In a published report 
about this system23, we named this regime as the “monopolizing” regime, as the 
substrate that binds to the catalyst more strongly “monopolizes” the catalyst, so that, 
even if the intermediate formed is less reactive, it produces the major product. (kb < 
ka; Kb >> Ka) 
(IV) Intermediate b is less reactive then a and less stable: B can never be the major 
product. (Kb < Ka; kb < ka) 
 
Energy diagrams can also be helpful to stress these concepts. Table 4.1 represents the 
four cases we described. In these diagrams, the intermediates a and b lead to the two 
products A and B. The Curtin-Hammett principle, in one of its formulations, states 
that in case of the system represented in Scheme 4.3, product distribution is only 
determined by the difference in free energy of the transition states. In the energy 
diagrams presented in Table 4.1, selectivity is therefore determined by the ΔΔG‡. The 
 
 
Scheme 4.3: competitive system producing products A and B   
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Curtin-Hammett principle can be derived analytically and selectivity can be expressed 
as in the following expression: 
 
€ 
B[ ]
A[ ]
= e−
ΔΔG‡
RT       (eq. 3.9) 
 
In the first three quadrants, I, II and III, the major product formed is B. In 
particular, we discussed in this study the “monopolizing” case (III). We can see that 
the selectivity, in this case, is dictated by relative intermediate stability. 
 
Table 4.1: Classification and free energy diagrams of the four different scenarios in which products A 
and B are obtained from the intermediates a and b. 
I   “Lock and Key” 
Major product-forming intermediate: 
more active/more stable 
II   “Major-Minor” 
Major product-forming intermediate: 
more active/less stable 
  
III   “Monopolizing” 
Major product-forming intermediate: 
less active/more stable 
IV 
Major product-forming intermediate: 
less active/less stable 
  
 
 76 
Buchwald et al.8 also studied how selectivity is influenced by the nature of the 
different amines during competitive amination reactions catalyzed by Pd and a 
biarylmonophosphine ligand which they had previously developed.  They first 
synthesized an oxidative addition complex with an aryl chloride; by further adding an 
amine, they were able to isolate an aryl palladium amine complex (a crystal structure 
was reported). They then carried out competitive experiments, adding two amines to 
the oxidative addition complex and measuring the binding constants by NMR. When 
using Bu2NH and aniline as the amines, they observed that the Bu2NH binds much 
more strongly to the oxidative addition complex, as its corresponding amide complex 
is almost exclusively observed. However, upon addition of the base, thus allowing 
deprotonation of the complex and subsequent reductive elimination, the aniline 
product (diphenylamine) was the only product observed. This is a case where the 
minor intermediate produces the major product. While the authors of Ref 8 
explained this observed behaviour by inferring that the system is “under Curtin-
Hammett control”, we showed in this section, using energy diagrams in Table 4.1, 
that the Curtin-Hammett principle is both more general and has larger implications, 
and can explain selectivity in all three cases that we discussed. The example of 
Bu2NH and aniline can be classified as a “major-minor” case, in which the minor but 
more reactive intermediate produces the major product. In other cases described in 
the Buchwald study, in particular in case of the series of anilines, it was the major 
intermediate that produced the major product. However, as activities of single 
reaction were not reported, it is difficult to discern if these cases correspond to “lock 
and key” kinetics or to the “monopolizing” regime reported here. 
Another study of great interest for this discussion has been conducted by Brückner 
et al.51, 52 in the context of asymmetric hydrogenation reactions. They studied the 
competitive hydrogenations of some β-ketoesters and β-ketoamides, catalyzed by a 
Noyori type Ruthenium(II)-BINAP catalyst. The study’s aim was to investigate 
conditions in which hydrogenation reactions of bis(β-carboxylic acid) derivatives 
could be carried out so that only one keto group would be hydrogenated while the 
other remained inert. They found that in many cases, in their competitive reactions, 
there was a marked substrate differentiation, in which great selectivity towards one 
substrate could be achieved; in some cases, it was shown how the less reactive 
substrate was reacting first; after the first substrate was completely consumed, a 
faster reaction with the second substrate could be completed (see Figure 2, Ref. 52). 
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These results are very similar to what we found for competitive amination reactions. 
Our interpretation of the Curtin-Hammett principle could be a possible explanation 
also for the results reported in the Brückner study, although in that case a mechanism 
was not been proposed. 
We believe that these concepts regarding the “monopolizing regime” and the three 
possible cases to achieve good selectivities could be applied to several competitive 
systems. The concepts developed here could be useful for mechanistic studies and 
for designing new kinetic resolutions. 
 
The role of the benzophenone hydrazone product in the hexylamine 
reaction 
 
Previous competitive experiments showed an unexpected behaviour of the 
competitive arylation of benzophenone hydrazone and hexylamine. From a close 
examination of the heat curves in Figure 4.2, a further observation arises: the heat 
produced by the arylation of hexylamine when carried out alone is much larger then 
the heat realized during the competitive experiment, as shown in Figure 4.3. 
 
 
Figure 4.3: comparison of the heat curves of a reaction of hexylamine (0.3 M) and 3-
bromobenzotrifluoride (0.3 M), carried out alone (dark blue); carried out after a benzophenone 
hydrazone reaction (blue); at 90°.  
 
What is the origin of this difference? A possible explanation is that, under these 
conditions, the catalyst deactivates during the arylation reaction of hexylamine. 
Catalyst stability was previously verified at a temperature of 70°C (Figure 3.3, pag. 
60); the catalyst could deactivate at higher temperatures. Another possible 
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explanation is that the presence of the benzophenone hydrazone product 3b greatly 
reduces the rate of the hexylamine reaction. 
To test the possibility of catalyst deactivation, we carried out a same excess 
experiment, at 90° C of two hexylamine reactions in presence of the same quantity of 
the benzophenone hydrazone product 3b. Results are presented in Figure 4.4. 
 
 
Figure 4.4: same excess experiment of the Pd-catalyzed amination of 2a and 1, carried out in presence 
of the same quantity of the 3b (0.2 M). IC: Pd(AcO)2: 0.0045M; BINAP: 0.006M. T=90°C. 
 
 
Figure 4.4 shows that the curves for the reaction rate vs concentration of the aryl 
halide overlay, indicating that the catalyst does not deactivate under these conditions. 
A following experiment was designed to test if the amine 3b has an effect on the rate 
of the hexylamine reactions. Two calorimetric experiments were run, under the same 
conditions and initial substrate concentrations; in one experiment, the benzophenone 
hydrazone product was added. The result is presented in Figure 4.5: 
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Figure 4.5: Reaction rate vs concentration of the aryl halide of two Pd-catalyzed arylation reactions of 
hexylamine, carried out under the same conditions and initial concentrations (IC), exept in one case 
with product added. Pd(AcO)2: 0.009M; BINAP: 0.012; 1: 0.2M; 2a: 0.2M; (green) 3b IC: 0.2M. 
 
It is clear from Figure 4.5, which plots the heat generated by the two reactions vs 
time, that the presence of benzophenone hydrazone product greatly reduces the rate 
of the hexylamine reaction. This result is intriguing because, as previously 
demonstrated through same excess experiment (Figure 3.3a, pag. 60) 3b does not 
have any influence on the rate of the benzophenone hydrazone reaction. It is worth 
noting that it was verified through GC sampling that the product 3b is not consumed 
during these experiments. Care must be taken before driving conclusions about the 
influence of 3b, because, under certain conditions, namely a large excess of the aryl 
halide (when aryl halide is not present, the product is stable) it reacts further to form 
the diarylated products and other minor products as confirmed by mass spectroscopy 
(mass spectrum presented in the appendix). However, this process is very slow and 
after one hour at 90°C it is very limited. 
Systematic studies on the arylation reaction of n-hexylamine in the presence of the 
benzophenone hydraozone product were then carried out. We varied the initial 
concentrations of the different substrates (1, 2a, 3b) and measured the rate. 
Results are presented in Figure 4.6. 
 
 2
 
Summary on previous results 
 
Previous results suggested that benzophenone phenylhydrazone slows down the 
amination reaction of n-hexylamine and aryl halides. 
 
The following graph represents the comparison between two reactions involving 
hexylamine and 3-bromobenzotrilfuoride, one with benzophenone phenylhydrazone 
and one without: 
 
 
Figure 1: compari on f the heat sig al btain d from the amination reaction of hexylamine 
(0,25M) and e-bromobrenzotrifluoride (0,25), in the presence or absence of phenylhydrazone 
(0,25M), at 90°C. 
 
NMR measurements taken during and after the amintion reaction of benzophenone 
hydrazone and 3-bromobenzotrilfuoride reaction seem to highlight the formation of a 
Pd compl x after the reactio  has finish d, theref re with the only presence of the aryl 
halide and th  benzopheno e product. 
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Figure 2: NMR spectra taken during or after the amination reaction during an amination 
reaction of benzophenone hydrazone and 3-bromobenzotrifluoride. A heat curve is presented to 
show the exact point in which the samples were taken. 
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Figure 4.6: reaction rate vs time of the Pd-catalyzed amination reaction between 1 and 2a, in presence 
of 3b. Initial concentrations reported on graph. Catalyst: Pd(AcO)2 0.0045M; BINAP 0.006. 
 
Figure 4.6 shows that the rate of the hexylamine reaction depends on the 
concentration of 3b; increasing the concentration of 3b causes a decrease of the rate. 
Figure 4.6 also shows that the rate appears to have a positive order in the 
concentration of the amine 2a. In the same Figure, curves obtained by fitting the 
kinetic data to a model implemented in COPASI are presented; the curves show an 
excellent fit. 
The exact dependence of the rate on the concentration of aryl halide and hexylamine 
is shown in Figure 4.7. Several calorimetric experiments were run; first, the amine 
initial concentration was varied while the aryl halide and catalyst concentrations were 
kept constant (Figure 4.7a); then, the aryl halide concentration was varied and the 
rest of the concentrations were kept constant (Figure 4.7b). The initial reaction rate 
vs the concentration of amine (a) and aryl halide (b), as derived from calorimetric 
experiments, was plotted. 
It is clear from the graph that the rate has a first order dependence on the 
hexylamine and a zero order dependence in the aryl halide. 
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Figure 4.7: Initial reaction rate vs initial concentration of the (a) hexylamine and (b) aryl halide. I.C.: 
Pd(AcO)2: 0.0045M; BINAP: 0.006M; 3b: 0.2M; (a) 1: 0.4M, 2a: on graph (b) 1: on graph, 2a: 0.1M. In 
toluene, at 90°C. 
 
These results are very intriguing: when carried out alone, the rate of the hexylamine 
reaction does not depend on the concentration of hexylamine, while it has a first 
order dependence in the aryl halide. When carried out in the presence of 3b, the 
hexylamine reaction becomes first order in the hexylamine and zero order in the aryl 
halide; and the rate also depends on the concentration of 3b. This kinetic behaviour 
can be rationalized if we suppose that the benzophenone hydrazone product can add 
to the Pd(BINAP)ArBr 5 and form a complex (6c), reducing the concentration of 
palladium in the catalytic cycle; a mechanism is proposed in Scheme 4.4. 
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Scheme 4.4: proposed mechanism of the Pd-catalyzed arylation of hexylamine in presence of hydrazone 
product 3b. 
 
In Scheme 4.4 amines 2a and 3b are in competition for addition to the oxidative 
addition complex; therefore, the relative concentration of these two species dictates 
the rate of the hexylamine reaction, as observed in the calorimetric experiments.  
When the benzophenone hydrazone product 3b is present during the hexylamine 
reaction, the complex 6c is formed; this complex does not generate any product, at 
least after short times, and is reversibly connected to the catalytic cycle of the 
hexylamine reaction; therefore, by increasing the concentration of the hexylamine, 
the equilibrium between complex 6c and complex 5 is shifted towards complex 5, 
therefore increasing the catalyst concentration in the cycle and enhancing the rate. 
This step becomes the new rate limiting step of the reaction as the overall rate does 
not depend on the aryl halide but on the hexylamine concentration. 
Figure 4.6 also shows curves obtained with COPASI by fitting the kinetic data to the 
expressions related to the mechanism proposed in Scheme 4.4. The fact that we 
obtain excellent fits between the model and the kinetic data gives us confidence that 
the mechanism proposed does in fact represent the system under study. 
Fitting the kinetic curves with COPASI is very informative because it can provide an 
estimation of the concentration of intermediates during the reaction, thus providing 
information about the catalyst resting state. Two cases are presented in Figure 4.8a 
and Figure 4.8b. Figure 4.8a refers to the case in which hexylamine is in excess, while 
in Figure 4.8b the aryl halide is in excess. 
 
 
Figure 4.8: COPASI simulation curves the concentration of intermediates during a Pd-catalyzed 
amination reaction between 1 and 2a. Initial concentrations: (a) [1]=0.2M, [2a]=0.1M, [3b]=0.2M; (b) 
[1]=0.1M, [2a]=0.2M, [3b]=0.2M 
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It can be seen from these curves that the catalyst is split between the two species 
Pd(BINAP)2 and the Pd(BINAP)Ar(3b) complex. When the aryl halide is in excess, 
and the oxidative addition is fast enough, complex 6c is the major species. This is the 
new catalyst resting state for the hexylamine reaction. When on the contrary, the aryl 
halide is the limiting substrate, for low concentrations of the aryl halide and therefore 
a low rate of the oxidative addition, the Pd(BINAP)2 becomes the major 
intermediate. 
We sought to obtain some NMR evidence for this mechanism. We previously 
discussed that 31P NMR of a benzophenone hydrazone reaction at 90°C show two 
doublets which were assigned to a Pd(BINAP)Ar(hydrazone) complex; in order to 
verify that complex 6c is actually formed during the hexylamine reaction, we 
designed an experiment in which we added in the NMR tube benzophenone 
hydrazone, hexylamine and the aryl halide in excess. We took a NMR spectrum every 
5 min; at first, the benzophenone hydrazone reaction should occur in the NMR tube, 
and complex 6b should be observed; then, an hexylamine reaction in presence of 
product 3b should take place, and, if the proposed mechanism is correct, a new 
complex (6c) should be observed. 
 
 
Figure 4.9: 31P NMR spectra of a competitive reaction of benzophenone hydrazone and hexylamine 
with aryl halide (in excess). Spectra taken every 5 min. 
 
Figure 4.9 shows the result of this NMR experiment; the first three NMR spectra 
show the presence, as expected, of the Pd(BINAP)Ar(2b) complex; in the following 
spectra two different doublets arise; this doublets should refer to complex 6c. 
Time 
(min) 
complex 6b 
complex 6c 
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It can be noted that this new catalytic cycle with the additional pathway for complex 
6c formation resembles the proposed cycle of the Pd(BINAP) catalyzed amination 
shown in Scheme 3.2. Complex 6c is reversibly connected in this new cycle as was 
complex Pd(BINAP)2 in the cycle of Scheme 3.2. For this latter cycle an equation 
was derived previously in which the reaction rate depended on the concentration of 
aryl halide and had an inverse dependence on added ligand (equation 3.10): 
 
€ 
−
d ArX[ ]
dt =
k1k2
k−1 L[ ]
ArX[ ] Pd[ ]TOTAL      eq. 3.10 
 
With the same reasoning a new equation can be derived for the new cycle, in which 
the rate depends on the hexylamine and it has an inverse dependence on the 
benzophenone hydrazone product.  
 
€ 
−
d ArX[ ]
dt =
k2ak−3b
k3b 3b[ ]
2a[ ] Pd[ ]TOTAL       eq. 3.11 
 
This equation is valid for excess concentrations of the aryl halide. When on the 
contrary the hexylamine is in excess, the expression becomes more complex, as the 
rate depends on both the concentration of the aryl halide and the amine. 
Addition of the benzophenone hydrazone product causes a shift in the catalyst 
resting state, which becomes complex 6c. With a different catalyst resting state, the 
rate limiting step is also shifted to the step in which the amine adds to the oxidative 
addition complex. 
These equations and assumptions would predict that, in the presence of amine 3b, 
the rate should not depend on the concentration of added BINAP, while in absence 
of 3b, as reported in Ref. 86, the rate did in fact have an inverse dependence on 
added BINAP. This was verified through a calorimetric experiment where three 
reactions under same conditions and same initial concentrations of the substrates, 
but three different concentrations of BINAP were carried out. 
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Figure 4.10: Reaction rate vs time of Pd-catalyzed amination reactions, carried out with different 
concentration of BINAP, in presence (b) or absence (a) of the hydrazone product 3b (0.2M). 
Temperature: (a) 70°C; (b) 90°C. I.C.: Pd(AcO)2: 0.006 M; BINAP: 0.008 M; t-BuONa: 0.5 M; 1: 0.2 
M; 2a: 0.1 M. 
 
Figure 4.10a represents the case in which no 3b is present, while Figure 4.10b 
represents the experiment where 0.2M of 3b were added. Figure 4.10 clearly shows 
how the predictions based on our model are accurate: the rate does of the 
hexylamine reaction no longer depends on the concentration of added BINAP when 
3b is present. 
It is also interesting to notice that the shift of the rate limiting step that we discussed 
would be detectable by simply observing the shape of the rate curves in Figure 4.10. 
These experiments in fact were carried out with an excess of the aryl halide. 
Therefore, when the hexylamine concentration approaches zero, the concentration 
of the aryl halide is a positive number. If the rate depends on the aryl halide, the 
reaction rate should, in the initial phases of the experiment, decrease with a positive 
order; just before the hexylamine is finished, the concentration of the aryl halide, 
which is in excess, does not approach zero, and therefore the reaction rate should 
not approach zero as well; when the hexylamine is completely consumed, the 
reaction rate should then go suddenly to zero; this is the case in Figure 4.10a, in 
which the rate curves present a sudden curvature towards the end. On the contrary, 
if the rate depends on the hexylamine, when the hexylamine approaches zero, the 
reaction rate also approaches zero, and the rate curve should be a smooth first order 
curve throughout the entire experiment, as it is clear from Figure 4.10b. 
This amine palladium complex 6c acts as a reversible catalyst reservoir. We reasoned 
that it could be used in conditions where this complex is more stable than the 
Pd(BINAP)2 which usually acts as the catalyst resting state. This could be important 
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because we know that, despite the considerable advances achieved on these Pd-
catalyzed reactions, challenges still remain and finding conditions that allow reducing 
catalyst loadings and obtaining higher yields is a permanent goal. It was previously 
shown by Hartwig et al.1 that amine complexes are sometimes more stable then other 
Pd/BINAP complexes.  
We designed experiments under a “consecutive injection” protocol, in order to 
carefully monitor catalyst deactivation. We placed three vials in the calorimeter 
containing a solution of the catalyst, the aryl halide and the base; only one of the vials 
contained the benzophenone hydrazone (with 1.2 eq. of BINAP, as employed in 
standard conditions); one of the vials contained 4 eq. of BINAP. Small quantities of 
the two substrates were then injected in the vials at the same time, and the heat 
produced by the reaction was monitored as usual. In each injection, 0.1M of both the 
amine and the aryl halide were injected. 
Results are presented in Figure 4.11: 
 
 
Figure 4.11: calorimetric experiments carried out under a “consecutive injections” protocol, of Pd-
catalyzed arylation reactions of hexylamine. Injections: equimolar soluations of ArX (0.1M) and n-
hexylamine (0.1M). Pd(AcO)2: 0.0045M; excess ArX: 0.05M. (violet) BINAP: 0.006M; (green) BINAP: 
0.018M (blue) BINAP: 0.006M, 3b: 0.05 M. T=90°C.  
 
Comparing the two curves with BINAP 1.2 eq., it is clear how, in absence of the 
product 3b, the reaction is much faster at first; the decrease in the heat signal after 
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each injection is a consequence of catalyst deactivation: in absence of the product 3b, 
the catalyst deactivates much faster; as a consequence the final conversion achieved is 
lower.  
The important conclusion is that 3b, through which complex 6c is formed, is able to 
increase catalyst stability under these conditions, making the synthetic method more 
robust. 
Simulations carried out with COPASI show the evolution of the different palladium 
species over time, in absence and in present of product 3b. Results are presented in 
Figure 4.12: 
 
 
Figure 4.12: predicted concentration of intermediates, from COPASI simulations, of the consecutive 
injection experiments shown in Figure 4.11. (a) in presence of product 3b. (b) in absence of product 3b. 
 
It is clear that, in the presence of 3b, the catalyst mostly sits as complex 6c, while in 
the absence of 3b, the Pd(BINAP)2 is the catalyst resting state; the conclusion is that 
the increase in catalyst stability is due to the greater stability of complex 6c compared 
to Pd(BINAP)2. 
When more BINAP was added (4 eq.), catalyst deactivation seemed to be slower and 
its behaviour in the competitive injection experiment to be comparable to case with 
added product 3b (Figure 4.11 – green curve). However, in an industrial setting 
where increased robustness of the process is desirable, the cost of the ligand is an 
important variable to be considered; therefore, addition of the cheaper 3b to increase 
the robustness of the process might be economically more attractive. 
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Reproducibility experiments 
 
Reproducibility studies on catalyst stability and performance were carried out in 
order to verify the robustness of these systems during the catalyst equilibration stage, 
before injection of the last component and the start of reaction. Reaction calorimetry 
proved to be a powerful tool for this assessment. 
The observations discussed in this section arise from the experience of carrying out 
reactions everyday in the lab; in order to give a more quantitative base to these 
observations, we designed a set of experiments in which at least five reactions were 
monitored at the same time in the 10-port calorimeter, under the same conditions. If 
the five experiments generate the same kinetic curve, then we can conclude that the 
system is robust. 
It is straightforward to monitor the performance of the reaction with the calorimeter, 
as the heat curve, proportional to the rate, is readily available on the computer screen 
in real time; this highlights the role of reaction calorimetry even in fingerprinting 
catalytic reactions. By employing the 10-port calorimeter, it is possible to monitor 
several reactions under the same conditions at the same time. The robustness of the 
systems can be assessed by considering not only the final yield of the reaction, but 
also the consistency of reaction rates between experiments. This is valuable 
information that can be important for designing and developing industrial processes. 
During these reproducibility experiments, it was observed that the order of addition 
could in many cases have an effect of the final conversion or on the rate of the 
reaction. The quality of the base, Na-t-BuO, played an essential role: when the base 
was not dried long enough, or when it was exposed to air for too long before 
weighing, the reactions were, at times, unsuccessful.  
In particular, we observed the following:  
(a) During the benzophenone hydrazone reaction (catalyst, base and benzophenone 
hydrazone were placed in the calorimeter vial and aryl halide was injected), when the 
base was dried for at least 12 hours prior to use and weighed in air, experiments were 
very well reproducible and always afforded the same reaction rate. (Figure 4.13) 
(b) For the hexylamine reaction, weighing the base in the glove box, as well as the 
order of addition in the vial proved to be important. When the catalyst, the base and 
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the hexylamine were placed in the vial, and the aryl halide was injected, experiments 
were not reproducible, meaning that, out of the five experiments, some reactions 
were very fast, some were slower but reached full conversion, some did not proceed 
to full conversion (see Figure 4.13). Interestingly, when the benzophenone 
hydrazone was also added in the vial, in the presence of the hexylamine (for the 
competitive experiments discussed in Chapter 4), measurements were very well 
reproducible even if the base was weighed in air, and the hexylamine reaction always 
reached full conversion with similar rates. (Figure 4.13) This is an indication that the 
benzophenone hydrazone protects the catalyst during the equilibration stage.  
When the aryl halide was placed in the vial with the catalyst and base (which was 
weighed in the glove box), and hexylamine was injected, measurements were 
reproducible; on the contrary if the base was not weighed in air, experiments were 
not reproducible. 
 
 
Figure 4.13: reproducibility experiment showing the robusness of (i) the hexylamine reaction in which 
the aryl halide is injected last; (ii) benzophenone hydrazone (aryl halide injected); (iii) hexylamine 
reaction after benzophenone hydrazone reaction. 
 
 
 
 
 
 8
 
We can see that the five reactions involving 
hexylamine were not reproducible. Only one 
reaction produced a conversion equal to 1, 
while 3 of the five had a very small 
conversion lower then 20%. The catalyst 
had been deactivated before the injection of 
the aryl halide. 
The five competitive experiments, on the 
contrary, showed the same exact rate of the 
benzophenone hydrazone reaction, 
suggesting that the catalyst was not at all 
deactivated; moreover, the hexlyamine 
reaction went to completion in all cases. 
This kind of experiment was done also for 
benzophenone imine. We ran 5 reactions 
involving the imine alone, and 5 in 
competition with benzophenone hydrazone. 
During the competitive reaction the 
benzophenone imine could always be 
comp etely converted very fast. When reacting lo , the be zophenone imine reactions were not 
well reproducible, and in some cases they showed only low conversions; even when complete 
conversion was reached, the reaction time were always larger then when reacting in competition. 
 
The conclusion is that benzophenone hydrazone, by associating with the catalyst, protects the 
catalyst and prevents deactivation.
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Conclusions 
 
In this chapter we discussed the competitive Pd-catalyzed arylation reaction of two 
amines, benzophenone hydrazone and hexylamine. The benzophenone hydrazone 
binds very strongly to the catalyst, and, when in competition with hexylamine, reacts 
first despite its considerably lower reactivity. This is a case in which it is the stability 
of the major intermediate, and not the relative reactivity, which dictates selectivity. 
We identified three different cases in which a substrate, in competition with another, 
can lead to the major product. By referring to the Curtin-Hammett principle, we 
explained these three cases using energy diagrams and named the case of the 
competitive amination we studied as the “monopolizing regime” (the benzophenone 
hydrazone monopolizes the catalyst). 
We then studied the effect of the benzophenone hydrazone product on the arylation 
reaction of hexylamine. We found that, by forming a complex that is reversibly 
connected to the catalytic cycle, a change in the rate limiting step and in the catalyst 
resting state may result. This new complex can act as a reversible catalyst reservoir 
and can be used to increase catalyst stability and obtain higher yields, in conditions 
where the Pd(BINAP)2 catalyst would deactivate. 
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5) Chapter 5 
 
 
 
 
 
 
 
Additional examples of competitive reaction networks 
 
We present in this chapter additional examples of competitive systems, including 
competitive arylation reactions involving benzophenone imine and competitive 
amination reactions of two aryl halides. Discussion about these competitive networks 
further expands the value of results presented in Chapter 4.  
 
Kinetic study of the Pd-catalyzed arylation of benzophenone imine 
 
Reactions involving benzophenone imine were investigated. Benzophenone imine 
has been used in the past as a substrate for the Buchwald-Hartwig amination100. It 
has been reported as a viable alternative to ammonia in conditions where the use of 
simple ammonia would result in by-products. 
Coupling reactions with aryl halide 1 were studied in the same conditions as 
previously described, using Pd(AcO)2 and BINAP as catalyst precursor and ligand, 
sodium-tert-butoxide as the base, at 90°C in toluene, as in Scheme 5.1. 
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Scheme 5.1: Pd-catalyzed N-arylation of benzophénone imine 
 
A calorimetric experiment of this reaction was run at 90°C (Figure 5.1); for the sake 
of comparison, Figure 5.1 also shows a similar experiment ran using benzophenone 
hydrazone instead. We can immediately infer that the rate of arylation of 
benzophenone imine is much faster then the arylation of benzophenone hydrazone 
under the same conditions. 
 
Figure 5.1: comparison of the heat flow generated by two Pd-catalyzed arylation reactions of 
benzophenone hydrazone (0.3M) and benzophenone imine (0.3M), with 3-bromobenzotrifluride (0.3M) 
 
 
We performed same and different excess experiments; in order to obtain more 
precise data, we reduced the temperature to 80°C and reduced the catalyst loading. 
The results are plotted in Figure 5.2. The “Same excess” curves (blue and green 
curves) present overlay, indicating that the catalyst concentration is stable over time. 
“Different excess” experiment (red and green curves) also shows overlay: we 
conclude, considering graphical overlay and the fact that the plotted curves are 
horizontal lines, that the reaction is zero order in both the imine and the aryl halide. 
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Figure 5.2: same and different excess experiment of tha N-arylation reaction of benzophenone imine 
and 3-bromobenzotrifluoride, with Pd(AcO)2: 0.006M BINAP: 0.009M, Na-t-BuO: 0.45M, in toluene at 
80°C. IC substrates reported on graph. 
 
This reaction presents the same kinetic behaviour as the benzophenone hydrazone 
reaction. We can therefore propose that, in this case, a similar mechanism may apply 
and reductive elimination is rate limiting. For analogy with the reaction of 
benzophenone hydrazone, the catalyst resting state should have the structure 
represented in Figure 5.3.   
 
 
Figure 5.3: proposed catalyst resting state for the Pd-catalyzed arylation of benzophenone imine. 
 
31P NMR spectrum of a sample taken during reaction showed two doublets (see 
appendix). Chemical shifts are similar to those representing the resting state of 
benzophenone hydrazone reaction; this similarity induced us to think, at first, that 
the peaks could refer to the same complex. However, the good reproducibility of the 
small chemical shift difference, along with a clearly different coupling constant, gave 
us confidence in assigning the peaks to a different complex, i.e. the complex 
represented in Figure 5.3.  
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The fact that by changing the amine we observe a different complex in the 31P NMR 
confirms that the amine species is present in this complex and suggests that previous 
interpretation of NMR spectra is correct. 
 
Order of injection catalyst deactivation 
 
Reproducibility experiments were conducted for benzophenone imine reactions; the 
concept is similar to what already explained in Chapter 4. Five arylation reactions of 
benzophenone imine were carried out at the same time to assess the reproducibility.  
These experiments suggested that the order of addition is very important for 
obtaining good kinetic curves. 
• When the catalyst was premixed with the base and the imine, the reaction 
occurred and proceeded to full conversions, but the rates observed were 
considerably smaller than what shown in Figure 5.2. 
• When the catalyst was premixed with the base and the aryl halide, the rate 
obtained was not reproducible. 
• When benzophenone hydrazone was added to the solution, the competitive 
reaction of benzophenone hydrazone and benzophenone imine was perfectly 
reproducible. 
• When the benzophenone imine reaction was run after a benzophenone 
hydrazone reaction had been completed, thus in the presence of benzophenone 
hydrazone product, the rate was reproducible. 
These experiments give further evidence of the role of benzophenone hydrazone in 
protecting the catalyst in the equilibration stage. 
 
Competitive arylation of benzophenone hydrazone and 
benzophenone imine 
 
A competitive arylation reaction of benzophenone hydrazone and benzophenone 
imine was run in the calorimeter as in the following scheme:  
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Scheme 5.2: Pd-catalyzed competitive N-arylation of benzophenone hydrazone and benzophenone 
imine 
 
In this experiment, the aryl halide was injected to a solution containing the catalyst 
and both 2b and 2d. The measured calorimetric curve is presented in Figure 5.4: 
 
 
Figure 5.4: competitive N-arylation of benzophenone hydrazone (0.3M) and benzophenone imine 
(0.3M) with 3-bromobenzotrifluoride (0.6M) 
 
 
Figure 5.4 shows that the heat generated by the reactive solution increases over time. 
A sampling experiment was also carried out and the conversion of the competing 
substrates is reported in Figure 5.5.  
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Figure 5.5: GC sampling experiment performed during a calorimetric experiment performed under the 
same conditions as in Figure 5.4. Conversion of 2b (red) and 2d (blue) plotted. 
 
Both substrates react at the same time; the benzophenone hydrazone is consumed 
faster at the outset of the experiment. As the competitive reaction proceeds, the rate 
of the benzophenone imine reaction increases. We conclude that heat flow measured 
in the calorimetric experiment increases over time because the rate of reaction of 2d 
increases with time. 
Based on the previously discussed mechanism, we can propose a competitive 
mechanism in which substrates 2b and 2d add to the oxidative addition complex 5, 
as in Scheme 5.3. 
 
Scheme 5.3: competitive Pd-catalyzed N-arylation of benzophenone hydrazone and benzophenone 
imine 
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The Copasi “parameter estimation” program was employed to fit the curves of 
Figure 5.5 with the competitive mechanism presented in Scheme 5.3; the fit is shown 
in Figure 5.5 and has a good precision; once a fit is obtained, the model allows for a 
determination of the relative concentration of intermediates, as well as a 
determination of the reaction rate of the two separate reactions, as shown in Figure 
5.6. 
 
 
Figure 5.6: reaction rate, obtained from COPASI, of the N-arylation of benzophenone hydrazone and 
of benzophenone imine vs time; the concentration of the catalyst resting states vs time is also 
represented. 
 
Although the reaction of 2b, when carried out alone, is much slower then the 
reaction of 2d, when in competition 2b reacts faster at first. This is because 2b binds 
more strongly to the catalyst and forms a more stable intermediate. 
These reactions, carried out separately, present overall zero order kinetics; when in 
competition, the reaction rate also depends on the amount of catalyst that is available 
for each catalytic pathway, which is determined by the relative binding strength of 2b 
and 2d to the oxidative addition complex 5. We can write an expression for 
selectivity: 
€ 
s = k6b 6b[ ]k6d 6d[ ]
=
k6bK2b 2b[ ] / 5 [ ]
k6dK2d 2d[ ] / 5 [ ]
=
k6bK2b 2b[ ]
k6dK2d 2d[ ]
    eq. (5.1) 
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The relative reaction rate depends on the relative concentration of the competing 2b 
and 2d.  
From Figure 5.6, we distinguish two distinct regions in the relationship between 
relative stability and reactivity of intermediates. In the first region, the less reactive 
intermediate 6b is the major intermediate; the reaction rate of path b is greater then 
the rate of path d, and the benzophenone hydrazone product is the major product 
formed; at this stage, the system is operating in the “monopolizing” regime described 
in chapter 4, in which the less reactive but more stable intermediate produces the 
major product. In the second region the concentration of intermediate 6b is still 
greater then the concentration of 6c. Nevertheless, the rate of the arylation of 2d 
(path d) is greater the rate of reaction of 2b (path b). In this case, the minor but more 
reactive intermediate produces the major product. The system operates in a “major-
minor” regime. 
This competitive network is an example of a switch from the “monopolizing” regime 
to the “major-minor” regime. The relative concentration of the two competing 
substrates determines in which regime the system is operating. 
This example has implications for studies of kinetic resolutions. Recently Tokunaga 
et al. developed a method for the Cu-catalyzed alcohlysis of azlactones93; they 
showed experimental evidence that this reaction presents non-perfect non-eroding 
product ee over time and they suggested that this is due to zero order kinetics in 
both enantiomers; in a following report12, Blackmond and Lloyd-Jones reexamined 
the conclusions driven by Tokunaga and showed how non-perfect non-eroding ee is 
not a general consequence of zero order kinetics in both enantiomers. They 
discussed the two cases in which zero order kinetics in substrate concentration is 
usually observed in kinetic resolutions: (case I) a strong pre-equilibrium binding 
resulting in a “saturated” intermediate species preceding rate-limiting product 
formation; (case II) reaction with the substrate is preceded by a rate-limiting reaction 
of the catalyst with another reagent. As an experimental example for case II they 
presented the (salen)Mn-catalyzed epoxidation of allylic alcohols26. For Case I, no 
experimental results were shown. Nevertheless, simulations of Case I showed that 
generally, in  case of both enantiomers binding strongly to the catalyst, product ee is 
eroded over time. 
The competitive Pd-catalyzed arylation of benzophenone hydrazone and 
benzophenone imine discussed here can be taken as an example of Case I for the 
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work of Blackmond and Lloyd-Jones, confirming results of simulations. In our 
example it is shown that product 3b is the major product at first: as the reaction of 
2d becomes faster, the relative product concentration [3b]/[3d] is “eroded” over 
time. 
The error of Tokunaga et al. has been that, in their mathematical treatment, they 
postulated that if the two enantiomers showed zero order kinetics when reacting 
alone, they would show zero order kinetics also when in competition. (see Ref. 93 
supporting info). This assumption cannot be made as, when in competition, the 
partitioning of the catalyst species between the two competing catalytic cycles has to 
be taken in consideration. In our case, it is clear how the partitioning of the catalyst 
depends on the relative concentration of substrates 2b and 2d. The two reactions, 
which would be zero order when carried out alone, do not present zero order 
kinetics when in competition. 
 
Comparison of the rate of arylation of benzophenone imine and 
hexyalmine 
 
Considerations on reactions of benzophenone imine and hexylamine are also 
informative. Both these reactions have been previously introduced. Comparing the 
relative activity, we can see from Figure 5.7. that hexylamine is more reactive then 
the benzophenone imine, when carried out under the same conditions. Interestingly, 
when these two reactions are carried out in the presence of the benzophenone 
hydrazone product, the rate of benzophenone imine reaction becomes larger as 
shown in Figure 5.7. 
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Figure 5.7: Pd-catalyzed arylation of (red) 2d (0.2M) and (blue) 2a (0.2M) 1 (0.2M), Pd(AcO)2: 0.009M; 
BINAP: 0.012M; Na-t-BuO: 0.4M. In presence (3b: 0.2M) or absence of 3b. 
 
In the presence of benzophenone hydrazone product 3b, the benzophenone imine 
binds strongly to the catalyst, so that all the Pd originally present is available for its 
catalytic cycle. The product 3b has no effect on its reaction rate. On the contrary, as 
discussed in Chapter 4, the hexylamine binds weakly to the oxidative addition 
complex 5 and the presence of the benzophenone hydrazone product greatly reduces 
the amount of Pd available for its catalytic cycle. 
We can infer from this experiment that the benzophenone imine binds more strongly 
then the hexylamine to the oxidative addition complex. 
 
Competitive arylation of benzophenone imine and hexylamine 
 
A competitive arylation reaction of benzophenone imine and hexylamine was carried 
out in the calorimeter (Scheme 5.4). 
 
 
Scheme 5.4: competitive Pd-catalyzed arylation of n-hexylamine and benzophenone imine 
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When carried out alone, the benzophenone imine reaction presents zero order 
kinetics in both the amine and the aryl halide, while the hexylamine reaction is first 
order in the aryl halide and zero order in the amine. 
Figure 5.8 shows three calorimetric curves with three different relative initial 
concentrations.  
 
 
Figure 5.8: competitive arylation reactions of hexylamine and benzophenone imine (IC on graph), with 
3-bromobenzotrifluoride (0.6M). IC: Pd(AcO)2: 0.009M, BINAP: 0.012M, in toluene, at 80°C.  
 
The three curves represented in Figure 5.8 show an increasing overall reaction rate 
over time. The initial rate is dependant on the initial relative concentration of the two 
competing substrates. A GC sampling experiment was carried out and is shown in 
Figure 5.9. 
 
 
Figure 5.9: GC sampling experiment of the competitive arylation of hexylamine and benzophenone 
imine. Conditions: same as in red curve in Figure 5.8 
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It is clear that the benzophenone imine reacts faster at first, although selectivity 
towards the imine product is not perfect as in the case of the benzophenone 
hydrazone/hexylamine competing system. When the imine has completely reacted, 
the remaining hexylamine can then be rapidly turned into product. 
This competitive kinetic behaviour is a consequence of the relative binding strength 
of the different substrates. As suggested in the previous section, the benzophenone 
imine binds to the oxidative addition complex 5 more strongly then the hexylamine: 
as a consequence, path d is the major pathway when the concentrations of 2a and 2d 
are equal. (see Scheme 5.5 for the proposed competitive mechanism) 
 
 
Scheme 5.5: competitive Pd-catalyzed arylation of benzophenone imine and hexylamine 
 
 
This constitutes another case of a competitive reaction in which selectivity is 
determined by relative stability of intermediates rather then relative reactivity; it 
operates under the “monopolizing regime” introduced in Chapter 4. 
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Competitive amination of two aryl halides1 
 
In this section, studies on the competitive amination of two aryl halides with 
benzophenone hydrazone are shown. Several aryl bromides were screened with 
benzophenone hydrazone: the calorimetric profiles mostly showed overall zero order 
kinetics, similarly to what previously discussed in Chapter 3. For the present study, 1-
bromo-4-tert-butylbenzene was selected as a competitive substrate to 3-
bromobenzotrifluoride, having a measurable calorimetric signal but distinctively 
different rate. The competitive system is shown in Scheme 5.6. 
 
 
Scheme 5.6: Pd-catalyzed competitive amination of 3-bromobenzotrifluoride and 1-bromo-4-tert-
butylbenzene 
 
 
Figure 5.10 shows a comparison of the reaction rate of two separate reactions 
involving benzophenone hydrazone and aryl halides 1 and 1e. Same and different 
excess experiments performed on reactions between benzophenone hydrazone and 
aryl halide 1e confirmed that this reaction is zero order in both the amine and the aryl 
halide; a sampling experiment confirmed that it is possible to study this reaction by 
reaction calorimetry. 
 
                                                 
1 Experiments in this section were performed by M.Sc. student Patricia Lemmon, under the 
supervision of the author of this thesis. 
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Figure 5.10: calorimetric experiments of two Pd-catalyzed reactions between benzophenone hydrazone 
(0.4M) and an aryl halide (0.4M). Pd(AcO)2: 0.009; BINAP: 0.012M 
 
The competitive reaction of the two aryl halides was monitored; the mechanism of 
this competitive system is expected to follow Scheme 5.7: the two aryl halides 
compete for oxidative addition to the Pd(BINAP) complex; the resting states for  
paths b and e are the Pd(BINAP)Ar(hydrazone) complexes 6b and 6e, both of which 
have been observed by 31P NMR.  
 
 
Scheme 5.7: competitive pd-catalyzed amination of 3-bromobenzotrilfuoride and 1-bromo-4-tert-
butylbenzene 
 
The interesting feature of this competitive system is that selectivity is determined by 
two different parameters: first, the relative rate of oxidative addition controls the 
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partitioning of the catalyst between the two pathways b and e; second, the relative 
rate of reductive elimination, which is the rate limiting step for both pathways. 
In case of the competitive reaction studied here, both rates of oxidative addition (see 
appendix) and of reductive elimination strongly favour aryl halide 1; therefore, 
product 3b is expected to be the major product. 
Figure 5.11 represents the calorimetric profile of the competitive system. Both aryl 
halides were injected at the same time to a solution containing all other substrates. 
 
 
Figure 5.11: Calorimetric profile of the competitive reaction represented in Scheme 5.6. IC: Pd(AcO)2: 
0.009M, BINAP: 0.012M, [1] 0.2M, [1e]: 0.2M, [2b] 0.4 
 
The reaction follows nearly overall zero order at the start; the total heat flow, which 
approaches 130 mW, is similar to what is obtained when aryl halide 1 is employed, 
indicating that path b is probably the major pathway at this stage; as the reaction 
progresses, the heat flow decreases over time, and approaches overall overall zero 
order kinetics towards the end (~30mW, similar value as for the reaction of 1e). 
Figure 5.12 shows a GC sampling experiment of this reaction under the same 
conditions . It is shown that at the outset of the experiment, aryl halide 1 produces 
the major product, while the reaction of halide 1e is very slow. As aryl halide 1 is 
consumed, the reaction of 1e progresses at a faster rate. 
Near perfect selectivity is achieved in the first phases of the reaction; this is a result 
of the faster rate of aryl halide 1 and its complex 6b in both the oxidative addition 
step and the reductive elimination step. 
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Figure 5.12: sampling experiment, analyzed by GC of a calorimetric experiment performed under the 
same conditions as in Figure 5.11 
 
 
Concluding remarks 
 
In this chapter, several competitive systems were discussed. First, the competitive 
arylation reaction of benzophenone hydrazone and benzophenone imine provided an 
example of a competitive system of two overall zero order reactions. Through kinetic 
modelling, it was possible to show a switch from the monopolizing regime, in which 
the more stable but less reactive intermediate produces the major product, to the 
major-minor regime, where the minor but much more reactive intermediate produces 
the major product.  
Competitive arylation reaction of benzophenone imine and hexylamine provided an 
additional example of a competitive system operating under a “monopolizing” 
regime, although in this case both the competing substrates react at the same time.  
Then, a competitive amination reaction of two aryl halides with the benzophenone 
hydrazone was investigated; in this case, near perfect selectivity towards one of the 
products was achieved at the initial stages of the reaction; selectivity in this case 
depended on two parameters, the relative rate of oxidative addition, where the 
catalyst is partitioned between the two competing pathways, and the relative rate of 
reductive elimination, which is the rate limiting step for both substrates. 
 
3-bromobenzotrifluoride 
1-bromo-4-tert-butylbenzene 
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6) Chapter 6 
 
 
 
 
 
COPASI simulations on competitive reactions  
 
In previous sections, we have studied some competitive catalytic systems and 
rationalized the results with a discussion on the Curtin-Hammett principle. With the 
different amines studied, we were able to recognize a competitive system showing a 
“monopolizing regime”, in which relative stability of intermediates controlled 
selectivity; another competitive system showed a switch from the “monopolizing 
regime” to the “major-minor” regime depending on the relative concentrations of 
the competing substrates. Kinetic modelling with COPASI helped in the 
determination of intermediate concentrations. 
In the present chapter, we seek to complete this study by assessing, through 
simulations ran with COPASI, the possible overall and relative kinetic profiles which 
may arise due to competitive reactions presenting the mechanism of Scheme 6.1, 
which can account for the competitive reactions studied until now. 
This generalization should provide a better understanding of the complex 
mechanism under study and also offer some design principles for the development 
of chemical processes or new catalysts achieving better selectivity in competitive 
systems. 
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Scheme 6.1: competitive catalytic reactions 
 
Scheme 6.1 describes the reaction between substrate S0 and either substrate S1 or  
S2, which are competing to form products P1 and P2. 
In the mechanism under study, substrate S0 adds to the catalyst cat, forming the 
catalytic intermediate cat0; substrates S1 and S2 then competitively bind to the 
catalytic species cat0 forming intermediates int1 and int2, which then generate 
products P1 and P2. Formation of products P1 and P2 corresponds respectively to 
pathways 1 and 2. 
Two cases can be considered: (I) the case in which both substrates S1 and S2 bind 
strongly to the catalyst; (II) the case in which only one of the competing substrates 
binds strongly to the catalytic intermediate cat0. 
 
Case I 
 
In case of both substrates S1 and S2 binding strongly to the catalyst, product 
formation is the rate determining step for both pathways; when carried out 
separately, both paths 1 and 2 would show overall zero order kinetics.  
In this competitive system, selectivity can be expressed as in the following equation: 
 
€ 
s = kP 2 int 2[ ]kP1 int1[ ]
=
kP 2K2 S2[ ]
kP1K1 S1[ ]
     eq. 6.1
 
cat cat0
int 2
S0
P2 S2
k2
k-2
kP2
k0
int 1
P1 S1
k1
k-1
kP1
path 1
path 2
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with K1=k1/k-1  and K2=k2/k-2  
 
For equal concentration of substrates S1 and S2, selectivity is equal to 1 when: 
 
€ 
kP1K1 = kP 2K2      eq. 6.2 
 
Let us consider for the purpose of our discussion that 
€ 
kP 2 > kP1. 
When eq. 6.2 is verified, the two reactions display zero order kinetics, as shown in 
Figure 6.1. 
 
 
Figure 6.1: COPASI simulations of a competitive system following the mechanism in Scheme 6.1 and 
eq. 6.2, starting from equal concentrations of S1 and S2. Conditions: kP1K1=kP2K2, kP2>kP1(a) Reaction 
rates; (b) concentration of intermediates. 
 
Figure 6.1b shows the relative concentrations of intermediates int1 and int2, resting 
states for pathways 1 and 2. As the catalytic activity of intermediate int2 is larger 
(kP2>kP1), the reaction rate of pathways 1 and 2 can only be the same if the major 
intermediate is int1. 
When 
€ 
kP1K1 ≠ kP 2K2  then selectivity can favour the formation of either products P1 
or P2 depending on which term is larger; the relative rate of the two pathways 
depends on the magnitude of the difference of these two terms. 
For 
€ 
kP1K1 > kP 2K2 , the relative kinetic behaviour of paths 1 and 2 is shown in Figure 
6.2, where the parameter kP1K1 has been increased incrementally.  The reaction of S1 
is faster at the beginning; as the relative concentration [S1]/[S2] changes over time, 
the rate of formation of product P2 increases. 
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Figure 6.2: COPASI simulations of a competitive system following the mechanism in Scheme 6.1, for 
increasing values of the term kP1K1. Conditions: kP1K1>kP2K2, kP2>kP1. IC of substrates S1 and S2 are 
equal. 
 
For the cases presented in Figure 6.2, the concentration of int1 is larger then the 
concentration of int2 during the entire course of the reaction. Therefore, in the first 
stages the system operates under a “monopolizing regime”: the major but less 
reactive intermediate produces the major product; the relative rate depends on the 
relative concentration of substrates S1 and S2; at a certain time, when the ratio 
between the concentrations of S1 and S2 corresponds to the value for which 
selectivity is 1 (from eq. 6.2, it is 
€ 
S2[ ]
S1[ ]
=
kP1
kP 2
K1
K2
) the rates of the two reactions of S1 
and S2 are equal; following this point, the system operates in a major-minor regime, 
as the minor but most reactive intermediate produces the major product.  
It is important to note that despite the fact that the two reactions of S1 and S2 would 
show overall zero kinetics if carried out separately, when in competition the rate of 
both pathways depends on the relative concentrations of S1 and S2; the particular 
case represented in Figure 6.1 is the only case in which the two pathways, in 
competition, both show zero order kinetics. 
The kinetic behaviour of the system represented in Figure 6.2 resembles the 
competitive arylation of benzophenone hydrazone and benzophenone imine 
discussed in Chapter 5. That system presented an increasing heat curve; the rate 
depended on the relative concentration of the two substrates, presenting a switch 
from the monopolizing regime to the major-minor regime. 
On the contrary, when 
€ 
kP1K1 < kP 2K2  selectivity is moved toward product P2.  
For 
€ 
K1 > K2 , simulations are presented in Figure 6.3. 
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Figure 6.3: COPASI simulations of a competitive system following the mechanism in Scheme 6.1, 
starting from equal concentrations of S1 and S2. Conditions: kP1K1<kP2K2, kP2>kP1, K1>K2. (a) Reaction 
rates; (b) concentrations of intermediates and products. 
 
int2 is the minor intermediate at all times: at the outset of the reaction, the system 
follows major-minor kinetics, as the minor intermediate produces the major product; 
as the relative concentration between S1 and S2 changes, the system switches to  
“monopolizing” kinetics. 
The green curve represents the total rate of formation of the products, which 
decreases over time.  
The case in which K2>K1 is represented in Figure 6.4: 
 
 
Figure 6.4: COPASI simulations of a competitive system following the mechanism in Scheme 
6.1starting from equal concentrations of S1 and S2. Conditions: kP1K1<kP2K2, kP2>kP1, K1<K2. (a) 
Reaction rates; (b) concentrations of intermediates and products vs time. 
 
For equal concentrations of S1 and S2, this system follows lock & key kinetics 
(kP2>kP1, K2>K1), where the major and more reactive intermediate produces the 
major product; however, as the reaction proceeds and the relative concentration of 
S1 and S2 changes, int2 becomes the minor intermediate and the system switches to 
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a major-minor regime; when the concentration of S1 becomes small, the major but 
less reactive intermediate produces the major product, under a monopolizing regime. 
A calorimetric experiment performed on a competitive system with a mechanism 
similar to Scheme 6.1 might be informative to indicate which selectivity regime is 
operating. When starting from an equal concentration of the competing substrates, a 
competitive system that follows lock & key or major-minor kinetics would show a 
decreasing heat curve. (as shown in Figure 6.3 and Figure 6.4). On the contrary a 
competitive system that operates under a “monopolizing regime” would display an 
increasing heat curve over time. (Figure 6.2). 
Obviously, this is only true if the heats of reactions (Kcal/mol) of the separate 
reactions are similar. 
 
Case II 
 
The second case considered here is a competitive system in which only one of the 
substrates binds strongly (substrate S1) to the catalytic intermediate cat0 while the 
other substrate binds weakly (substrate S2). 
In this case only one of the two pathways (path 1), would exhibit on its own overall 
zero order kinetics. In path 2, the rate limiting step occurs prior to the S2 binding 
step. As product formation is no longer rate determining, the overall rate of path 2, if 
carried out separately, would be much faster and would depend on the rate of 
addition of S0. 
In discussing the different possibilities for selectivity, it is important to determine the 
parameters for which, starting from equal concentrations of substrates S1 and S2, 
selectivity would be equal to 1. The “parameter scan” function in COPASI was 
particularly useful for this study.  This is a powerful tool because it can be used to 
understand which parameters have an effect on the relative reaction rate and which 
parameters, on the contrary, are not important. Through the “parameter scan” 
function, it is possible to determine how the rates of reaction are affected by the 
different parameters (k0, K1, K2, kP1, kP2): the program plots the reaction rates as a 
function of a range of values of a selected parameter, while keeping all the other 
parameters constant.  
 113 
Performing a parameter scan on each constant one at the time, we were able to 
identify the condition for which selectivity for this system is equal to 1. This is 
expressed in eq. 6.4.  
 
€ 
s = kP1 ⋅
k1
k2 ⋅ k−1
= kP1
K1
k2
        (eq. 6.4) 
 
with k2 referring to the rate of addition of substrate S2 to the catalytic intermediate 
cat0, K1 binding constant of substrate S1, kP1 referring to the product formation step 
of P1. 
 
s=1   for   
€ 
kP1K1 = k2     (eq. 6.5) 
 
When eq. 6.5 is verified, the rate of formation of products P1 and P2 has the 
following profile (notice that in graph (a) the blue and red curves overlay): 
 
 
Figure 6.5: COPASI simulations of a competitive system following the mechanism in Scheme 6.1, 
starting from equal concentrations of S1 and S2. Condition: kP1K1=k2. (a) Reaction rates; (b) 
concentrations of intermediates and products vs time. 
 
It is perhaps striking to notice that there are values of the parameters that generate a 
case in which the much more reactive S2, when in competition with S1, shows the 
same rate as S1 and overall zero order profile. This is because substrate S1 binds 
strongly to the catalytic intermediate cat0, so that the majority of the catalyst is 
driven towards path 1; the rate of path 2, in this case, is controlled by the small 
amount of catalyst that is available for its own catalytic cycle rather then on the rate 
of addition of S0.  
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If the initial concentrations of S1 and S2 are the same and the initial reaction rate is 
the same, the relative rate continues to be equal until the end of the reaction.  
When 
€ 
kP1K1 < k2 and the initial concentrations of substrates S1 and S2 are equal, the 
reaction forming product P2 is faster. The relative kinetic behaviour is shown on 
Figure 6.6. 
 
 
Figure 6.6: COPASI simulations of a competitive system following the mechanism in Scheme 6.1, 
starting from equal concentrations of S1 and S2. Condition: kP1K1<k2. (a) Reaction rates; (b) 
concentrations of intermediates and products vs time. 
 
As substrate S1 binds much more strongly to the catalyst, the concentration of int1 is 
much greater then the concentration of int2 at all times.  
When the concentrations of S1 and S2 are equal, the reaction in this case follows 
“major-minor” kinetics, as the minor intermediate produces the major product. As 
S2 is consumed more rapidly, the relative concentration [S2]/[S1] decreases and  
reaction of S2 becomes slower then S1; the competitive system switches to a 
“monopolizing” regime, as the major but less reactive intermediate produces the 
major product. 
For the case represented Figure 6.6a, a parameter scan was performed; constant k0, 
as well as the initial concentration of S0 were varied over a range of values; however, 
no influence of these parameters on the rate of reaction of both pathways was 
observed (all the curves generated by these parameter scans perfectly overlayed with  
Figure 6.6a). This is interesting because the rate of pathway 2 would depend on k0 
and [S0] if carried out separately. The rate limiting step of pathway 2, when in 
competition with a strongly binding substrate, is different then when it is carried out 
alone: the rate becomes dependant on the relative concentrations of S1 and S2. 
If we consider the limiting case in which the rate of product formation of pathway 1 
is equal to zero (kP1=0), with substrate S1 still competing for binding to the catalytic 
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species cat0, we find a similar system to the one studied in Chapter 4, i.e. the 
hexylamine reaction in presence of the benzophenone hydrazone product. In that 
case, there were two competing substrates, one binding strongly to the catalyst but 
not producing any product, one binding weakly. It was observed that the kinetic 
profile of the hexylamine reaction depended on the hexylamine concentration, and 
was completely different from the kinetic profile of the same hexylamine reaction 
carried out separately. 
 
Figure 6.7 is found when, on the contrary, 
€ 
kP1K1 > k2 : 
 
 
Figure 6.7: COPASI simulations of a competitive system following the mechanism in Scheme 6.1, 
starting from equal concentrations of S1 and S2. Condition: kP1K1>k2. (a) Reaction rates; (b) 
concentrations of intermediates and products vs time. 
 
In this case, the system operates initially under a “monopolizing regime”, which 
becomes “major-minor” when the rate of reaction S2 becomes greater.  
This system is similar to the competing arylation of benzophenone hydrazone and 
hexylamine studied in Chapter 4: in that case the difference of the two terms of eq. 
6.4 was so large that perfect selectivity of benzophenone hydrazone could be 
achieved. 
In this Case II, as for Case I, a calorimetric experiment may be informative to 
determine, at equal concentrations, if the system follows “major-minor” or 
“monopolizing” kinetics. When an increasing heat curve over time is observed, it can 
be inferred that the system operates under a “monopolizing” regime; decreasing heat 
flow would on the contrary be observed for “major-minor” kinetics.  
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Concluding remarks 
 
We showed, through simulations, different cases that may arise in competitive 
reactions following the mechanism of Scheme 6.1. 
We showed that different kinetic regimes can coexist in the same system when the 
relative concentration of the competing substrates changes. Experiments by reaction 
calorimetry may help in the determination of which kinetic regime is operating. 
We gave further evidence that the kinetic behaviour of reactions, when carried out in 
competition, may be very different from the kinetic behaviour of the same reactions 
carried out separately. 
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7) Chapter 7 
 
 
 
 
 
Pd-catalyzed arylation of benzophenone hydrazone : biphasic 
systems 
 
In chapter 3, the Pd-catalyzed arylation of benzophenone hydrazone, carried out 
using the organic base Na-t-BuO has been discussed and analyzed through RPKA. 
This reaction can also occur with inorganic bases, namely Cs2CO3 and NaOH, which 
can provide advantages in term of cost and ease of handling. Kinetic studies of this 
reaction with inorganic bases are presented in this chapter. 
 
Arylation of benzophenone hydrazone using caesium carbonate as 
the base 
 
The reaction of benzophenone hydrazone and 3-bromobenzotrifluoride can be 
catalyzed by a Pd/BINAP catalyst system when caesium carbonate is used as the 
base. We carried out reactions in toluene at 90°C, obtaining full conversion. 
Compared to the more common method in which sodium-tert-butoxide is used, 
caesium carbonate presents the advantage that it does not need to be dried before 
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use. On the other hand, reactions with sodium-tert-butoxide seem to be considerably 
faster, employing an average of one third of the time. 
As for the price per mole from the Aldrich catalogue, caesium carbonate is more 
expensive (~250£/mol versus ~20£/mol). 
Soon after we started experiments, we realized that the kinetic behaviour of the 
reaction greatly depended on the batch of caesium carbonate that was used. 
Preliminary experiments were carried out using three different batches, bought from 
Sigma-Aldrich at different times. 
When the first batch was used, reactions seemed to have positive order behaviour, 
showing a marked heat of mixing at the beginning of the experiments and an 
induction period. The conversion was always high but lower then one. 
Using the other batches, reactions had a different behaviour. They did not have an 
induction period; the rate decreased at the beginning, approaching, at high 
conversions, an overall zero order behaviour (as shown in Figure 7.1). Full 
conversion was always attained. 
The reproducibility of experiments using the base from the same batch was 
acceptable; on the other hand, different batches of the base resulted in a different 
kinetic behaviour.  
These results highlight the fact that care must be taken when carrying out kinetic 
experiments using caesium carbonate as the base; additional efforts must be devoted 
in assuring reproducibility of the experiments. 
An explanation on these differences could come from the observation that this base 
is not very soluble in toluene. Even at 90° it was clear that the powder had not 
dissolved completely. Meyers et al. have studied the different kinetic behaviour of 
amination reactions carried out using Cs2CO3
69; through electron microscopic 
imaging they investigated the particle shape and size distribution of two different 
caesium carbonates; type “1” was made of uniformly bulbed particles with a smooth 
surface and narrow size distribution; particles from type “2” were irregularly shaped 
and had a broad size distribution. 
A sampling experiment showed that the rate of reaction, when using Cs2CO3 of type 
“1” was much faster then when using type “2”.  
The fact that the reaction rate depends on which type of Cs2CO3 particles are used is 
an indication that the mechanism involves a rate limiting interphase mechanism. 
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A different type of the base crystals from different batches of the base could explain 
the obtainment of different results depending on which batch of the base was used. 
After preliminary investigations, we focused our attention on experiments using the 
third batch of the base. Experiments confirmed good reproducibility and interesting 
results were obtained. 
The reaction was carried out in the Insight calorimeter at 90°C. The shape of the 
heat curve, shown in Figure 7.1a, is unusual.  
 
  
Figure 7.1: calorimetric curve of a Pd-catalyzed amination reaction between benzophenone hydrazone 
and 3-bromobenzotrilfluoride. Initial concentrations: Pd(AcO)2 0.009M; BINAP 0.012M; 
benzophenone hydrazone 0.35M; aryl halide 0.45M; Cs2CO3 0.5M; at 90°, in toluene. (a) Experimental 
calorimetric curve. (b) Corrected calorimetric curve 
 
The curve presents a first phase in which the heat decreases over time; after this first 
phase, an overall zero order phase is attained; towards the end of the reaction, a 
marked heat increase was observed. 
A sampling experiment was carried out to confirm that the calorimetric experiment 
did indeed represent the kinetic behaviour of the reaction. Results are presented in 
Figure 7.2. 
 
a 
b 
 120 
 
Figure 7.2: conversion vs time of a Pd-catalyzed amination reaction between 1 (0.35M) and 2b (0.45M), 
with Cs2CO3 (0.6M) as the base. T=90°C. 
 
Conversion of the limiting aryl halide is plotted; conversion of the aryl halide was 
calculated based on the consumption of the benzophenone hydrazone and supposing 
the consumption of the benzophenone hydrazone to be equal to the consumption of 
the aryl halide. Using this method, the calculated conversion of the aryl halide 
towards the end results to be higher then 1. This is clearly impossible; moreover, 
when the calculated conversion was based on the reaction product rather then on the 
benzophenone hydrazone, the calculated conversion resembled the one based on 2b, 
except for the last three points. This is an indication that the heat observed toward 
the end of the reaction does not come from the amination reaction but probably a 
side reaction involving only benzophenone hydrazone. By eliminating this heat from 
the heat curve, by supposing a continuation of the overall zero order behaviour until 
the end of the experiment (Figure 7.1b), we can then recalculate the conversion curve 
from the calorimetric experiment. This newly recalculated conversion curve perfectly 
overlays with conversion calculated from the GC sampling experiment, as seen in 
Figure 7.2. 
This is an example of how effects that do not relate to the reaction under study can 
be deconvoluted from a calorimetric curve, thus expanding the use of reaction 
calorimetry for these situations as well. 
The heat curve obtained in Figure 7.1b is very interesting because it shows that two 
different kinetic regimes can operate in this reaction; in the first kinetic regime, 
operating until 30% conversion is obtained, the rate decreases over time; in the 
second kinetic regime, the rate has an overall zero order behaviour. These two kinetic 
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regimes might be caused by the fact that the Cs2CO3, as already discussed, has a low 
solubility in toluene; reaction with the dissolved Cs2CO3 would probably be faster, 
resulting in the first kinetic regime. For insoluble Cs2CO3 the reaction would have to 
operate through an interphase mechanism with a rate limiting deprotonation step. 
This is in agreement with the fact that the reaction rate of the zero order phase in 
this reaction with Cs2CO3 is much smaller then the rate of the same reaction carried 
out with Na-t-BuO, as seen in Figure 3.1. The measured heat flow drops from ~140 
mW to ~20 mW. Such a reduction of the reaction rate is consistent with a change in 
the rate limiting step, which was the reductive elimination when the organic base was 
used.  
A calorimetric experiment was carried out under the same exact conditions in the 
SuperCRC calorimeter, in which the mixing system is different and is much less 
powerful then the one available in the Insight calorimeter. A GC sampling 
experiment of the reaction in the SuperCRC showed that the reaction was 
considerably slower. Therefore, the strong influence of the mixing system on the 
reaction rate is a further indication of the existence of the rate-limiting interface 
mechanism. 
Following experiments starting from three different concentrations of the substrates 
were run: in all cases reactions showed similar behaviour. Reaction rate vs 
concentration of the aryl halide for these three experiments is plotted in Figure 7.3. 
 
 
Figure 7.3: Same and different excess experiments of a Pd-catalyzed amination of 1 and 2b, using 
Cs2CO3 as the base. Initial concentrations: (a) [1] 0.25M, [2b] 0.25M, base 0.4M; (b) [1] 0.35M, [2b] 
0.35, base 0.6; (c) [1] 0.35, [2b] 0.45, base 0.6M.  
 
a 
c 
b 
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As we can see in Figure 7.3, in all the three experiments the rate seemed to reach the 
same value in the overall zero order phase. The fact that the final value of the rate is 
the same for all the experiments suggests that the catalyst does not deactivate during 
the reaction.  
The initial rate of the first kinetic regime did not seem to be dependent on the aryl 
halide or on the benzophenone hydrazone, but rather on the concentration of the 
base. This would suggest that deprotonation is rate limiting also during this phase; 
this is consistent with previous experiments which suggested that the other steps 
involved, oxidative addition, reaction with amine, reductive elimination, are faster 
then the rate achieved during this experiments. 
 
Benzophenone hydrazone reaction using NaOH as the base 
 
An important recent patent by Syngenta (C07C 251/86), describing an industrially 
convenient procedure for large production of aryl hydrazines has been released in 
2002. This patent describes the biphasic Pd/BINAP catalyzed arylation of 
benzophenone hydrazone using sodium hydroxide as the base. The low cost of 
sodium hydroxide compared to sodium-t-butoxide, as well as its easiness in handling 
makes this methodology attractive for production scales. 
The initial proposed aim of this PhD was to study the mechanism of this biphasic 
reaction, using our group’s innovative methodologies. Kinetic studies were to be 
carried out with one of the in-situ tools available in our labs, i.e. reaction calorimetry 
or FTIR spectroscopy. 
However, attempts to carry out kinetic studies using these in-situ tools proved to be 
challenging and it was not possible to extract reliable kinetic data; therefore, this line 
of research was abandoned. 
After few experiments with reaction calorimetry, it was rapidly clear that it would not 
be possible to obtain reliable measurements using this technique: the reaction was 
too slow at 90°; moreover, at this temperature the water vapour from the water 
phase would sometimes evaporate during the course of the reaction and the quantity 
of water recovered in the vial at the end of the experiment was rarely the same as at 
the start. Lowering the temperature to prevent water evaporation would result in an 
even slower reaction. 
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Experiments with FTIR seemed more promising although finally unsuccessful: it is 
possible, however to learn some lessons from these preliminary studies that may be 
useful in the development of new viable instruments for studies of biphasic 
reactions. We present here some of these observations. 
 
FTIR monitoring of the biphasic arylation of benzophenone hydrazone 
 
The Mettler Toledo Multimax IR was used for IR monitoring. This FTIR has four 
parallel reactors so that it is possible to monitor four reactions at the same time. 
Reactions are carried out inside the four reactors, which have a probe at the bottom, 
through which the IR measurement can be made. 
 
Instrument calibration 
 
Initial studies aimed at reproducing the kinetic profile previously obtained from a 
reaction involving benzophenone hydrazone and 3-bromobenzotrifluoride (Figure 
3.2a), using an organic base. This was essential to assess if the FTIR could detect 
changes in the concentrations of the reactants or the product. 
Figure 7.4 presents an IR spectrum over time of a benzophenone hydrazone 
reaction; it is evident how the peak intensity at certain wavelengths decreases over 
time, while the absorbance at other wavelengths increases. 
 
 
Figure 7.4: spectra obtained during the Pd-catalyzed arylation of benzophenone hydrazone 
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The data of absorbance at 1369 cm-1 was used; this increasing peak is proportional to 
the concentration of the reaction product. It is straightforward, once the final 
conversion is known (in this case it was measured using GC), to obtain a curve for 
the conversion versus time. Figure 7.5 compares the conversion curve obtained by 
FTIR to the conversion curve previously obtain by reaction calorimetry. 
 
 
Figure 7.5: comparison of conversion vs time of a Pd-catalyzed amination reaction between 
benzophenone hydrazone and 3-bromobenzotrifluoride; data derived from FTIR measurements and 
from reaction calorimetry. 
 
As the curve obtained by IR perfectly reproduces the curve obtained from reaction 
calorimetry, we conclude it is possible to study the Pd-catalyzed arylation of 
benzophenone hydrazone by FTIR and obtain reliable kinetic data. 
 
Studies of Pd­catalyzed amination using solid base. 
 
Studies of Pd-catalyzed aminations involving solid bases were conducted. It was 
shown in the previous section that cesium carbonate can be used for these reactions 
providing the obtainment of full conversion. NaOH, used in the form of small 
pellets, can also be a viable alternative and also promotes the deprotonation of the 
aminated complex which is necessary for the success of the reaction. 
Several attempts were made to obtain a reproducible kinetic curve. These attempts 
were unsuccessful, as the curves obtained were greatly irreproducible and presented 
large baseline fluctuations. 
2 
 
Reaction with organic base: comparison IR and reaction calorimetry data 
 
 
• The curves of the conversion vs time are exactly the same: IR is a reliable 
method to study this kind of reaction. 
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We interpreted the different behaviour of the instrument in comparison to the 
homogeneous system as a consequence of the insoluble bases present in solution. 
Small quantities of the solid bases probably obstruct the IR diamond probe, 
preventing the FTIR to obtain a clear measurement of the absorbance in solution. 
The conclusion is that this instrument’s design cannot be adapted to monitor 
reactions in which a solid component is present, even in a powder form. 
 
Studies of the liquid­liquid system 
 
Studies of the amination reaction in a biphasic liquid-liquid system, using NaOH as 
the base, were then carried out. It was presumed that the FTIR system should be able 
to monitor this reaction. A biphasic liquid-liquid system is usually constituted by a 
continuous phase and a dispersed phase. As the reaction under study takes place in 
the organic phase, toluene should be the continuous phase; when FTIR is used to 
monitor a biphasic system, only the continuous phase is visible. The water-toluene 
biphasic system has been studied in the past, and models describing the conditions in 
which either toluene or water is continuous have been constructed.  
Many studies have investigated conditions under which either water or toluene are 
the continuous phase in water/toluene biphasic systems; Matar et al.42, considering 
both experimental results and a model they developed, concluded that in a well 
stirred system water is always continuous when the volume ratio (water/toluene) is 
above 0.6. On the contrary, when the volume ratio is below 0.2, toluene is always the 
continuous phase; for values in between, which phase is continuous depends on the 
history of the system. 
Studies of the reaction were therefore carried out keeping the water content at 20% 
in volume. 
The spectra registered for the organic and aqueous phases are very different. Figure 
7.6a presents the IR spectra obtained when only the organic phase is present (a) and 
a biphasic system in which the aqueous phase is predominant (80%). 
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Figure 7.6: FTIR spectra taken from a solution containing benzophenone hydrazone, aryl halide, 
Pd(OAc)2 and BINAP in toluene (a) and in a water/toluene 80:20 solution (b) 
 
The problem in this case was that, when monitoring a biphasic system with toluene 
content of 80% the FTIR registered a spectrum similar to the one presented in 
Figure 7.6b, referring to the aqueous phase; even when the water content was 
reduced to 5% a spectrum referring to the water phase was observed.  
The reaction has to be carried out by preparing the catalyst and substrate solution 
first, which then is heated up to 60°C so that all the solids are well dissolved. Then, 
the water solution containing NaOH can be injected: but as soon as water is injected, 
the spectra measured resembles the one shown in Figure 7.6b. It is unlikely that this 
phenomenon is caused by the water being the continuous phase, as the reactor is 
very well mixed and the water content is largely smaller then the toluene content: our 
supposition is that this is caused by wetting of the probe. Wetting has been 
previously a problem in studies carried out at Syngenta, and mainly depends on the 
material of the probe. 
Several attempts were made to understand if dewetting was possible and if a 
wetting/dewetting process could be controlled. For example, we tried to stop the 
stirrer, at 90 °C, and wait for the phases to separate well. Then the stirrer was turned 
on at high speed (1500 rpm). This sometimes resulted in a dewetting of the probe so 
that the organic phase could be seen. This procedure was not well reproducible; 
however, attempts were made in order to carry out reactions when the organic phase 
wavenumber 
a 
b 
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was visible; most of the times, the wetting process occurred during the reaction, so 
that the second part of the data could not be used. Such an example of a transition 
from the organic phase to the aqueous phase is well recognizable in Figure 7.7. 
 
 
Figure 7.7: FTIR spectra of a Pd-catalyzed amination reaction between benzophenone hydrazone and 
3-bromobenzotrifluoride, using a biphasic system and NaOH as the base. 
 
Considering the difficulty in obtaining reliable data, it was decided to abandon the 
study of the biphasic system. It was still possible, however, to obtain preliminary data 
about the reaction. 
Figure 7.8 represents the absorbance vs time of this reaction, for the peak at 1369 
cm-1, obtained in three different measurements that showed perfect reproducibility. 
This curve is proportional to the product concentration vs time and is a straight line: 
we can therefore conclude that the reaction under these conditions shows overall 
zero order kinetics. This kinetic behaviour, with the observation that the rate is much 
smaller than the same reaction carried out with an organic base, where reductive 
elimination was rate limiting, suggests that an interphase deprotonation is rate 
limiting.  
 
wetting  
product peak 
time 
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Figure 7.8: preliminary data of absorption vs time of 3 Pd-catalyzed reactions of 1 [0.2M] and 2b [2b], 
using NaOH [0.5M] as the base in a water/toluene 70:30 system. 
 
However, more experimentation should be made on this reaction, varying the initial 
substrate concentrations, mixing speed and water/toluene content in order to derive 
a precise mechanistic picture. 
 
Conclusions 
 
The Pd-catalyzed arylation of benzophenone hydrazone, carried out with insoluble 
inorganic bases has been studied.  
Reactions employing Cs2CO3 as the base seem to proceed through a rate limiting 
interphase deprotonation step.  
Preliminary data were collected also on reactions using NaOH as base; however, due 
to instruments limitations, it was not possible to conduct a complete study. In 
particular, the FTIR spectrometer (Multimax IR), applied to the water/toluene 
system, only records the concentration of substrates and products in the aqueous 
phase, and not in the organic phase where the reaction takes place. This is probably 
due to a wetting phenomenon. 
 
 
Monitoring the product peak, we obtained the following plots from the two different IR 
measurements. 
 
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
0 20 40 60 80 100 120 140
Time (min)
A
b
s
o
rb
a
n
c
e Reactors 1, 2, 3
  
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
0 20 40 60 80 100 120 140
Time (min)
A
b
s
o
rb
a
n
c
e
Reactor 4
 
Figure 9 
 
 
When toluene is the continuous phase, the measurements are reproducible, and show zero order 
kinetics. 
When water is the continuous phase, the data are unreliable, given the fact that the product, as well 
as the substrates, is mainly in the organic phase. 
 
 
 
Comment on future experiments 
 
We do not have, at this time, control on the phase inversion that brings the organic phase to be the 
continuous phase. In the great majority of times however, even when the content of water in the 
system is below 10% in volume, water remains the continuous phase.  
 
It will be the next challenge to understand how to control phase inversion in the IR reactors. 
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Concluding remarks 
 
 
This thesis sought to increase the mechanistic understanding of Pd-catalyzed 
amination of aryl halides.  
A quite unusual case of an amination reaction presenting overall zero order kinetics 
was revealed and explained by proposing that in this case the reductive elimination is 
the rate-limiting step. 
Subsequent studies of a competitive system showed a surprising case in which a 
much less reactive substrate reacted first when in competition. These observations 
were explained by realizing that in this case it was the relative stability of 
intermediates that dictated selectivity, and not the relative reactivity. 
This led to a deeper understanding of the Curtin-Hammett principle: the new 
concept of “monopolizing regime” was introduced and explained with energy 
diagrams. This concept not only provides insights into the mechanism of the 
competitive system studied in this work but may be used to explain selectivity in 
other competitive systems and possibly inspire the design of new kinetic resolutions. 
A system presenting a switch from the “monopolizing regime” and the “major-
minor” regime was identified (competitive arylation of benzophenone imine and 
benzophenone hydrazone). Simulations suggested that it is generally possible to 
recognise such a switch by performing a calorimetric experiment on the competitive 
system. 
Further studies of competitive binding in amination reactions resulted in the 
development of a new method to reduce catalyst deactivation in amination reactions 
catalyzed by Pd/BINAP complexes. These results show the importance of achieving 
a good knowledge of the mechanism, which can help in designing better chemical 
processes. 
In general it was shown, through experiments and simulations, that the kinetic 
behaviour of reactions carried out in competition may be very different from the 
same reactions carried out alone. Relative reactivity may be different then expected, 
and reaction orders in substrates can also change. 
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Future research  
 
Future studies should be devoted to investigate the mechanism of the biphasic 
systems treated in Chapter 7, focusing especially on the industrially relevant protocol 
that employs sodium hydroxide as the base. 
By presenting preliminary results in Chapter 7, we underlined the difficulties of 
carrying out kinetic studies of these reactions by reaction calorimetry and FTIR 
spectroscopy. New designs of FTIR instruments could perhaps allow future studies 
on this reaction and solve problems that may arise in the study on other biphasic 
systems. 
Future studies on the liquid-liquid systems could perhaps be carried out using 
microfluidic chip devices. Microfluidics is an area of strong development in chemical 
and biological research. The technologies for producing microreactors that are 
resistant to toluene and high temperatures are already available96. Advantages include 
a high degree of control of the flow rate in the reactor and a large interface area 
between the organic and aqueous phases. 
Additional studies which would expand the significance of results reported in this 
thesis could include 15N NMR studies on the Pd(BINAP)Ar(2b) complex suggested 
as the catalyst resting state of the benzophenone hydrazone reaction. This, as 
suggested by one of the PhD examiners, could give further confirmation that the 
proposed structure of the complex is correct. 
Also, screenings of reactions of amines carried out in competition could be 
performed, using reaction calorimetry, to find experimental evidence of all the kinetic 
regimes identified in the simulations presented in Chapter 6. 
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Materials and experimental procedures 
 
 
Materials 
 
Pd(AcO)2, BINAP, 3-bromobenzotrifluoride, n-hexylamine, benzophenone imine, 1-
bromo-4-tert-butylbenzene were purchased from Sigma-Aldrich and used as 
received. 
Benzophenone hydrazone was purchased from Acros, was stored in the fridge at 0° 
and used without further purification. 
Na-t-BuO was purchased from Sigma-Aldrich and stored in a glove box; before use, 
it was vacuum dried for at least 12 hours. Caesium carbonate was also stored in the 
glove box, no drying was necessary before use. 
Toluene was purchased from Fluka and stored over molecular sieves.  
 
 
 
Experimental procedures 
 
Calorimetric experiments were performed in an Omnical Insight CPR-220 
calorimeter. 
 
Benzophenone hydrazone reaction at standard conditions (Figure 3.1) 
 
Palladium acetate (0.0101 g), BINAP (0.0373 g), benzophenone hydrazone (0.3925 
g), sodium-t-butoxide (0.2162 g), tridecane (0.2 ml) as the internal standard, in dry 
toluene (4.52 ml, in order to reach 5 ml as total reaction volume) were weighed in a 
15 ml-septum cap vial, which was sealed and flushed with nitrogen. The vial was 
placed in a calorimeter compartment and equilibrated at 90°C. After 40 min, when 
the calorimetric signal had reached a constant value, a syringe containing 3-
bromobenzotrifluoride (0.28 ml) was placed on top of the vial and equilibrated for 
around 7 min. A rubber seal was placed at the end of the needle to prevent 
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evaporation from the syringe. The aryl halide was then injected in the solution so that 
the reaction could begin. 
A sample was taken at the end of the reaction and quenched into a water/toluene 
mixture. The sample was analyzed by GC and the final conversion calculated. 
Sampling caused a glitch in the calorimetric signal; after a few minutes, when the 
calorimetric signal had returned to a constant value, a calibration experiment was 
started: the τ correction switch was moved to the “on” position; when the 
calorimetric signal had reached a new constant value, the switch was moved to the 
“off” position; when the signal had returned to the previous constant value, the data 
was saved and the calorimeter turned off. The software provided by Omnical 
(Winsight – version 2.1) was used to perform the τ correction calibration and 
calculate the value of τ.  
 
The sampling experiment was carried out using the same experimental procedure. 
Small samples (<0.1ml) were taken from the reaction vial and quenched in a 
water/toluene mixture. Samples were then analyzed by GC. 
 
The hexylamine reaction was carried out using the same experimental procedure. 
 
 
Consecutive injections experiment (Figure 4.11) 
 
Red curve 
 
Palladium acetate (0.0051 g), BINAP (0.0186), sodium-t-butoxide (0.05 g), 3-
bromobenzotrifluoride (0.04 ml), tridecane (0.2 ml) as the internal standard, in dry 
toluene (4.84 ml) were placed in calorimetric vial, which was sealed and flushed with 
nitrogen. The vial was placed in a calorimeter compartment and equilibrated at 90°C.  
An equimolar solution containing of 3-bromobenzotrifluoride and hexylamine was 
prepared.  
A syringe containing the yellow aryl halide/hexylamine solution (0.1 ml) was then 
placed on top of the calorimeter vial and equilibrated for 4 min; the solution was 
then injected and reaction started. After 6 min, a second syringe containing the aryl 
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halide/hexylamine solution was placed on top of the calorimeter vial, and injected 
after 10 min. This was repeated for 10 times. 
Final sampling and calibration were carried out as previously described. 
Injections in this experiment and in the other experiments shown in Figure 4.11 were 
carried out simultaneously. 
 
Blue curve: 
 
Palladium acetate (0.0051), BINAP (0.0186), sodium-t-butoxide (0.05g), 
benzophenone hydrazone (0.0686), tridecane (0.2 ml) as the internal standard, in dry 
toluene were placed in calorimetric vial, which was sealed and flushed with nitrogen.  
The vial was placed in the calorimeter compartment and equilibrated for 40 min, 
after which 3-bromobenzotrifluoride (0.09 ml) was injected. This started the reaction 
between benzophenone hydrazone and the aryl halide, producing the benzophenone 
hydrazone product. The amount of aryl halide injected was chosen so that an excess 
of aryl halide (0.05M) would be present at the end of the reaction. 
An equimolar solution containing 3-bromobenzotrifluoride and hexylamine was 
prepared.  
When the signal for the benzophenone hydrazone reaction had returned to zero, 
showing that the reaction was complete, a syringe containing the yellowish aryl 
halide/hexylamine solution (0.1 ml) was placed on top of the calorimeter vial and 
equilibrated for 4 min; the solution was then injected and reaction started. After 6 
min, a second syringe containing the aryl halide/hexylamine solution was placed on 
top of the calorimeter vial, and again injected after 4 min of equilibration. This was 
repeated for 10 times.  
 
Figure 5.2 (benzophenone imine reactions) 
 
Palladium acetate (0.0051 g), BINAP (0.0186 g), sodium-t-butoxide (0.0216 g), 
tridecane (0.2 ml) as the internal standard, in dry toluene were placed in calorimetric 
vial, which was sealed and flushed with nitrogen.  
A small quantity of benzophenone hydrazone (0.0176 g) was also introduced to 
protect the catalyst during the equilibration stage. 
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The vial was placed in a calorimeter compartment and equilibrated at 80°C. A syringe 
containing 3-bromobenzotrifluoride (IC as in graph) was then placed on top of the 
calorimeter vial and equilibrated for 4 min; it was then injected so that the 
benzophenone hydrazone which was present could react and produce its product. 
When the signal indicated that the benzophenone hydrazone reaction was complete, 
a syringe containing the benzophenone imine (IC as in graph) was placed on top of 
the vial and equilibrated for 7 min. A rubber seal was placed at the end of the needle 
to prevent evaporation from the syringe. The benzophenone imine was then injected 
in the solution so that the reaction could begin. 
At the end of the experiment, a sample was taken and analyzed by GC. 
 
 
Reactions monitored by FTIR spectroscopy  
 
Benzophenone hydrazone reaction (wt organic base) 
 
The FTIR spectrometer was turned on; both softwares controlling the reactor 
temperatures and FTIR spectroscopy were started. 
The reactor jacket temperature (Tj) was raised to 90°C. A background spectrum was 
taken; the reactor was then cooled to 25°C. Palladium acetate (0.0404 g), BINAP 
(0.1492 g), benzophenone hydrazone (1.57 g), sodium-t-butoxide (0.8548 g), 
tridecane (0.8 ml) as the internal standard, in dry toluene (18.08 ml, in order to reach 
20 ml as total reaction volume) were introduced in the FTIR reactor. The reactor was 
flashed with nitrogen to provide an inert atmosphere.  
The reactor temperature (Tr) was raised to 80° (Tramp by duration, 10 min) and then 
slowly raised to 90°C to avoid T overshoot (Tramp by duration, 15 min).  
The stirrer speed was set to 200 rpm and data aquisition was started. After at least 5 
FTIR spectra were taken, the 3-bromobenzotrifluoride (1.12 ml) was injected and 
reaction started. 
After reaction had finished, a sample was taken and analyzed by GC; the FTIR 
spectrometer was turned off and the reactor was cooled to 25°C. 
The profile at 1369 cm-1, referring to the reaction product, was calculated, 
considering a baseline at 1389 cm-1. 
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Through the absorbance profile it is possible to calculate the conversion vs time 
profile by normalizing the absorbance curve and multiplying it by the final 
conversion. In order to calculate the rate vs time curve, the data has to be fitted in an 
Excel spreadsheet with a power law curve (power 6); calculating the derivative of this 
power law curve, it is possible to find rate vs time curve. 
 
Benzophenone hydrazone reaction (liquid-liquid system) 
 
The reactor jacket temperature (Tj) was raised to 90°C. A background spectrum was 
taken; the reactor was then cooled to 25°C. Palladium acetate (0.0323 g), BINAP 
(0.1194 g), benzophenone hydrazone (1.256 g), tridecane (0.64 ml) as the internal 
standard, in dry toluene (14.46 ml, in order to reach 16 ml as total organic phase 
volume) were introduced in the FTIR reactor. The reactor temperature (Tr) was 
raised to 60° (Tramp by duration, 10 min); the stirrer was turned and the speed was 
gradually raised to 1000 rpm (5 min ramp) so that all the solids could dissolve. A 
sodium hydroxide solution (5M) was prepared, and was then injected into the reactor 
(4 ml). The temperature was raised to 80°C (Tj ramp, 10 min) and then slowly raised 
to 90°C to avoid T overshoot (Tramp by duration, 15 min). The reactors were 
equipped with condensers to avoid evaporation of water. The condensers were 
connected with a nitrogen line, which kept an inert atmosphere inside the reactors. 
The FTIR spectrometer was turned on and data aquisition started. After at least 5 
FTIR spectra were taken, the 3-bromobenzotrifluoride (1.12 ml) was injected and 
reaction started. 
After reaction had finished, a sample was taken and analyzed by GC; the FTIR 
spectrometer was turned off and the reactor was cooled to 25°C. 
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GC Analysis 
 
GC analysis was performed with a Varian GC-3800 spectrometer, equipped with a 
column from J&V Scientific (30m x 0.32mm). 
 
The following GC method was used for separation: 
T=100°C; hold: 5min; Tramp 10°C/min to 210°C; hold 30 min. 
Tridecane was used as the internal standard. 
 
Response factors were calculated by preparing a solution of five known relative 
concentrations of the compound and the tridecane. Samples were run twice through 
the GC column and the value of the areas under the peaks were collected (each time, 
an average of the two values was used for calculations). 
 
Peak areas and the response factor can be related through the following equation: 
 
 
€ 
Ax
AIS
= RFx ⋅
nx
nIS
 
 
with RFx response factor for the compound x, nx and nIS number of moles of 
compound x and of the internal standard, Ax and AIS area under the peaks of 
compounds x and the internal standard. 
By plotting the experimental data on a graph having Ax/AIS on the y-axis and nx/nIS 
on the x-axis, the response factor corresponds to the slope of the line, as shown as 
an example in Figure A.1 (RF calculated for benzophenone hydrazone) 
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Figure A.1: Example of calculation of response factor for benzophénone hydrazone (IS tridecane) 
 
The fact that the curve presented in Figure A.1 is a straight line shows that GC 
measurements both at high and low concentration of benzophenone hydrazone are 
precise using the same response factor. 
Following RFs were found: 
 
Compound Response factor 
Benzophenone hydrazone 0.75 
Hexylamine product 1.7 
Benzophenone imine 0.85 
1-bromo-4-tert-butylbenzene 0.67 
 
After running samples in the GC cromatogaph, the sought number of moles of 
compound x present in solution can be calculated using the following equation: 
 
€ 
n = Ax ⋅ nISAIS ⋅ RF
 
 
with Ax and AIS areas under the peaks of compounds x and the internal standard, 
RFx response factor of the compound x. 
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In case of the arylation reactions of benzophenone hydrazone and benzophenone 
imine, the consumption of either the hydrazone or the imine was monitored, as in 
the following eq. (relative to the limiting reagent): 
 
€ 
X lim =
n0lim − n0lim − n0benz − nbenz[ ]( )
n0lim
 
 
In case of the hexylamine reaction, product formation was monitored, and 
conversion was calculated with the following eq.: 
 
€ 
X lim =
nhex pro
n0lim  
 
In case of competitive reactions, conversion of the two competing substrates has to 
be calculated.  
In case of competitive reactions involving hexylamine, the production of the 
hexylamine product, as well as the consumption of either the hydrazone or the imine, 
was monitored.  
In case of the competitive amination of 3-bromobenzotrifluoride and 1-bromo-4-
tert-butylbenzene, consumption of benzophenone hydrazone and of 1-bromo-4-tert-
butylbenzene were monitored (on the contrary, calculations based on consumption 
of 3-bromobenzotrifluoride were very unprecise).
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 Mass spectroscopy detail 
 
MS spectra were obtained using a TOF (time of flight) electrospray method, with a 
Waters QTOF Global Ultima spectrometer in positive ion mode (using borosilicate 
tips and a capillary voltage of 1.8 kV). Samples were dissolved in 100% methanol. 
A sample showing two doublets in the 31P NMR, as in Figure 3.6, was analyzed, and 
the following spectrum was obtained: 
 
 
Figure A.2: MS spectrum of a sample showing doublets as in Figure 3.6, obtained using TOF 
electrospray. 
 
The major species (361 m/z, 655 m/z, 677 m/z, 1331 m/z) identified in the above 
mass spectrum had been previously characterised by ion trap mass spectrometry 
using positive electrospray. 
 
Among the several peaks, the sought mass of 1068 (+1 of added charge) is clearly 
visible.  
HN
N
CF
3
Pd
P
P
 
Scheme 1: (BINAP)Pd(ArX)amine complex proposed as the catalyst resting state in the 
benzophenone hydrazone/3-bromobenzotrifluoride reaction 
 
 
The mass spectrum is shown in the following figure:  
 
 
 
Figure 2: Spectrum showing a mass electrospray measurement of a toluene solution prepared as 
described. 
 
The major species (361 m/z, 655 m/z, 677 m/z, 1331 m/z) identified in the above 
mass spectrum had previously been characterised by ion trap mass spectrom try using 
positive electrospray. 
 
Among the s veral e ks, we can see that the sought mass of 1068 (+1 of added 
charge) is clearly visible.  
Potential breakdown products Pd(BINAP)Ar complex 873 m/z and the benzophenone 
hydrazon  197 m/z observed in the full scan spectrum pr vide evidence for formation 
of a (BINAP)Pd(amine)Ar complex (1069 m/z). 
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Potential breakdown products Pd(BINAP)Ar complex 873 m/z and the 
benzophenone hydrazone 197 m/z observed in the full scan spectrum provide 
evidence for formation of a (BINAP)Pd(amine)Ar complex (1069 m/z). 
Another Pd complex was identified at 1054; this complex could also decompose in 
the Pd/BINAP complex at 873 m/z and the other fragment at 182 m/z. As this 
complex was not observed in the 31P NMR, it has probably been formed during the 
mass spectrometry measurement. 
 
Theoretical isotope distribution 
 
A theoretical isotope distribution was calculated for this (BINAP)Pd(amine)Ar 
complex, using a commercial spectral software program (Xcalibur 2.0 spectrum 
simulation software). The distribution mainly represents the isotope distribution of 
Pd ([102Pd (1.02%), 104Pd (11.14%), 105Pd (22.33%), 106Pd (27.33%), 108Pd (26.46% and 
110Pd (11.72%)]). The compounds which present similar patterns in the mass 
spectrum most likely contain a palladium atom. 
A comparison between experimental (from the species with mass 1069) and 
theoretical isotope distribution is presented in Figure 3.7 in the main text. 
 
Nitrogen rule  
 
Further evidence for formation of (BINAP)Pd(Ar)hydrazone complex (1069 m/z) 
can be obtained by considering the nitrogen rule. This principle states that a molecule 
with an even number of nitrogen atoms will show an odd protonated mass in the 
MS. If the molecule contains an odd number of nitrogen atoms or single nitrogen the 
protonated mass will be even; this is because, among the most common atoms, 
nitrogen is the only one having an odd valence and an even mass. 
The (BINAP)Pd(Ar)amine complex contains an even number of nitrogen atoms (2)  
thus giving rise to a protonated mass with an odd number (1069 m/z). 
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31P NMR spectra of Pd(BINAP)Ar(amine) complexes 
 
 
Figure A.3: 31P NMR spectra of Pd(BINAP)Ar(amine) complexes, believed to be catalyst resting states 
of arylation reactions of benzophenone hydrazone and benzophenone imine 
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 Additional information not provided in the main text 
 
Description and reaction calorimetry curves for the initial rate experiments of Figure 
xx. 
 
Experiments were carried out by reaction calorimetry as previously described. 
Reactions of aryl halide 1 + amine 2a were carried out in the presence of 3b (0.2M). 
The dependence of the reaction rate on aryl halide 1 and amine 2a was investigated:  
• For Figure S2a, initial concentration of 2a was kept constant at 0.1M, and the 
initial concentration of 1 was varied from 0.1M to 0.4M. 
• For Figure S2b, initial concentration of 1 was kept constant at 0.4M, and the 
initial concentration of 2a was varied from 0.1M to 0.4M. 
The curves of reaction rate vs time were derived from the calorimetric curves. The 
initial rate values were indentified and plotted in Figure 2 (main text). 
 
 
Figure S9: reaction rate vs time of Pd-catalyzed reaction of 3-bromobenzotrifluoride and hexylamine. 
Initial concentrations: Pd(AcO)2: 0.0045 M; binap: 0.006 M; t-BuONa: 0.5 M; 3b: 0.2 M; (a) 1: on 
graph; 2a: 0.1 M; (b) 1: 0.4 M; 2a: on graph. In toluene, at 90°. 
 
 
Comparison of the oxidative addition rates for two aryl halides 
 
Reactions of n-hexylamine with 3-bromobenzotrifluoride and 1-bromo-4-tert-
butylbenzene were monitored by reaction calorimetry. As oxidative addition is the 
rate liming step during the hexylamine reaction in both cases, by measuring the rate 
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of these reactions it is possible to assess the relative rate of oxidative addition of the 
two aryl halides. 
 
 
Scheme A.1: Pd-catalyzed amination of aryl halides 
 
Results from reactions carried out in the calorimeter under the same conditions 
produced the curves shown in Figure A.4. 
 
Figure A.4: calorimetric experiment of two amination reactions involving hexylamine (0.2M) and (red) 
3-bromobenzotrifluoride (0.2M) and (blue) 1-bromo-4-tert-butylbenzene (0.2M); IC: Pd(AcO)2 
0.009M, BINAP 0.012M, Na-t-BuO 0.45M, in toluene at 90°C. 
 
From these curve we conclude that oxidative addition of 3-bromobenzotrifluoride is 
much faster then oxidative addition of 1-bromo-4-tert-butylbenzene. 
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Consumption of the benzophenone hydrazone product 
 
Care must be taken when driving considerations about reactions in the presence of 
the benzophenone hydrazone product, which, when mixed for several hours with 3-
bromobenzotrifluoride at 90°C, can react produce additional products. 
 
 
 
Figure A.5: GC sampling experiments; two cases monitored: product 3b (0.2M) mixed at 90°C with (a) 
benzophenone hydrazone (0.2M); (b) 3-bromobenzotrifluoride (0.2M), in presence of a Pd/BINAP 
catalyst. 
 
Two standard benzophenone hydrazone reactions were carried out in the 
calorimeter; one with an excess of aryl halide, one with an excess of benzophenone 
hydrazone. After the measured heat flow had returned to 0 mW, a sample was taken 
and analyzed by GC (this corresponds to the value at t=0 in Figure A.5). The vial 
was left in the calorimeter compartment at 90° C. Several samples were taken during 
6 hours. It is shown in Figure A.5 that, when the benzophenone hydrazone is in 
excess (therefore no aryl halide is present at the end of the reaction), the product 
concentration remains constant in solution even after 6 hours. On the contrary, 
when the aryl halide is in excess, product 3b is consumed and generates side 
products. A MS experiment (shown in Figure A.6) was performed in order to reveal 
the identity of these side products; among others, it is interesting to note that the 
diarylated product can be formed. 
 
 
 
Appedix part 2 
 
Reaction of the benzophenone hydrazone product 
 
 
 
GC sampling, with either benzophenone hydrazone or aryl halide in excess: 
 
 
 
 
 
 
1
st
 sample 
taken 
…
… 
2
nd
 sample 
Benzophenone hydrazone reaction 
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Figure A.6 : MS spectrum of a sample correspondin to t=330 min (yellow) in Figure A.5. 
 
In the experiments designed to probe the effect of the product 3b on the rate of the 
hexylamine reaction, it was verified, after every experiment, that the concentration of 
3b remained constant during the experiment. In particular it was successfully verified 
that it is constant during the “consecutive injections” experiment. 
Mass electrospray spectrum of a sample taken six hours after the end of the 
benzophenone hydrazone reaction. 
 
 
 
Product sampling during successive injection experiment 
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 Simulations: details 
 
In chapter 6 simulations of competitive networks were presented. Simulations were 
ran with COPASI. In this section, we reveal in detail how reactions were 
implemented and what constants were used. With this information, it is possible to 
reproduce faithfully the graphs shown in Chapter 6. 
 
Copasi simbols:  
->: irreversible reaction; =: reversible step 
 
 
 
 
 
 
Initial concentrations used: 
Cat: 0.001M; S0: 0.5M; S1: 0.2M; S2: 0.2M 
 
CASE I 
FIGURE 6.1 
 
 
 
 
 
 
Figure 6.2 : parameters scan 
 
 
 
 
 
 
 
 
 
 
Reactions Implemented in the model constants 
0 
1 
2 
3 
4 
Cat + S0 -> cat0  
Cat0 + S1 = int1  
Cat0 + S2 = int2  
Int1 -> cat + P1 
Int2 -> cat + P2 
k0 
k1, k-1 
k2, k-2 
kP1 
kP2 
Reaction constants  
0 k0 500 
1 k1, k-1 5
E6, 1000 
2 k2, k-2 1
E6, 1000 
3 kP1 1 
4 kP2 5 
Reaction constants  
0 k0 500 
1 k1, k-1 5
E6, 1000 
2 k2, k-2 4
E6, 1000 
3 kP1 1 
4 kP2 5 
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Figure 6.3 
 
 
 
 
 
 
 
 
 
Figure 6.4 
 
 
 
 
 
 
 
 
 
CASE II 
 
Figure 6.5 
 
 
 
 
 
 
 
 
Figure 6.6 
 
 
 
 
 
 
 
 
Figure 6.7 
 
Reaction constants  
0 k0 500 
1 k1, k-1 5
E6, 1000 
2 k2, k-2 8
E6, 1000 
3 kP1 1 
4 kP2 5 
Reaction constants  
0 k0 500 
1 k1, k-1 5
E6, 1000 
2 k2, k-2 2
E7, 1000 
3 kP1 1 
4 kP2 5 
Reaction constants  
0 k0 500 
1 k1, k-1 5
E8, 1000 
2 k2, k-2 5
E5, 1000 
3 kP1 1 
4 kP2 1E06  
Reaction constants  
0 k0 500 
1 k1, k-1 5
E8, 1000 
2 k2, k-2 3
E6, 1000 
3 kP1 1 
4 kP2 1E06  
Reaction constants  
0 k0 500 
1 k1, k-1 1
E9, 1000 
2 k2, k-2 5
E5, 1000 
3 kP1 1 
4 kP2 1E06 
